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Dam construction has increased rapidly since the 1950’s, especially in developing
countries. Climate change is likely to impact the demand for new dams as well as future
water and sediment inflow in rivers, thereby influencing the utility, management, and
lifetime of dams. Proper construction of dams and sediment management can also help
reduce the cost and mitigate the risks dams might be facing as a result of changing
climate patterns, which will allow communities to utilize water resources more efficiently
and sustainably.
This dissertation develops a series of dynamic optimization models to determine how
the size of different type of dams and their management strategies can help achieve the
above goals. First, a single purpose dam’s optimization problem is explored to arrive at
desirable results for maximization of net economics benefits with respect to initial
reservoir capacity, sediment removal amount, and decommissioning time. Application of
this model to Sambor dam in the lower Mekong River basin shows that allowing for
optimal reservoir capacity and sediment removal choice has a significant impact on dam
life and total net present value, in the absence of climate change considerations. However,
both the desirable reservoir capacity and total net present value vary considerably with
climate change. Second, management of multi purpose dams under climate change is
discussed with respect to determination of optimal reservoir capacity and sediment
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removal. These two factors generally increase in magnitude as the functions of a dam and
its potential benefits increase. Third, optimal reservoir design and systematic
management of cascading dams under climate change are studied for coordinated and
non-coordinated cases to arrive at the best policy solution. In the application considered,
a coordinated strategy between two dams (Luang Prabang Dam and Xayaburi Dam) is
beneficial for the entire system, though the difference between the total net present values
from the two types of strategies is relatively small. Generally, coordination resulted in the
upstream dam requiring a larger reservoir capacity and accumulating more of incoming
sediment in order to ease the negative externality to the downstream dam. Finally, the
possibility of dam failure is also incorporated in the model of a single dam based on
expected annual peak flood flow trends. An innovation in this regard is the determination
of an optimally sized spillway to protect against flood overtopping. Three categories of
peak flood flow trends are considered to reflect alternate climate change scenarios. With
the risk of dam failure involved, the optimal choice of reservoir capacity and spillway
capacity are significantly impacted by water availability and the amount of incoming
sediment as influenced by climate factors.
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CHAPTER 1
INTRODUCTION

1.1 Background
1.1.1 Water Resource Management and the Role of Dams
Freshwater is a potentially renewable resource that can meet many different needs. Its
availability, however, is unevenly distributed geographically and often quite limited.
Furthermore, surface water supplies can vary with time and may be subject to the needs
of growing populations. Dams and reservoirs play an important role as physical tools to
help manage such water resources by mitigating their variation in availability across
space and time.

In general, dams exist as human-made structures used to restrict the flow of water and
create a reservoir for future water usage. In ancient times, dams were built to store water
resources in order to ease the issues associated with seasonal variability or uncertainty. In
order to support human activity, the major purposes of these earliest dams were to ensure
urban human water supply and to allow for irrigation. Dujiangyan dam in China that was
constructed around 256 BC is an important example. As greater needs for management of
water supply developed in more modern times, flood control, navigation, and energy
generation also became important functions for dams. Consequently, many more dams,
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especially large ones, were built, first primarily in developed countries (e.g., Hoover dam,
Mauvoisin dam and Oroville dam). After it became apparent that dams could make a
significant contribution to economic growth, in the 1960s, developing countries such as
China, Thailand, India, and Brazil also became involved in large dam construction
activity. As we enter a new century, the pace of dam construction has increased rapidly in
many parts of the world, particularly in certain areas like the Mekong River Basin and the
Nile River Basin. Dams in these regions can continuously make progress towards
facilitating local economic development as well as aiding in the efficient management of
finite water resources.

Currently, more than 800,000 dams exist all over the world, and almost 50,000 of these
are large dams (International Rivers 2007). China dominates the population of large dams
worldwide at about 46% (22,000 dams), while 5,500 large dams are located in United
States, which makes it the country with the second largest number of such dams. India,
Japan and Spain also contain significant percentages of the world’s total number of large
dams (Bradlow 2001). Among single purpose dams, irrigation is by far the primary
purpose, accounting for 48% of the global total. About 17% of single purpose dams are
used for hydropower generation. Water supply and flood control respectively account for
more than 10% of major purposes of dams. About 5% of single purpose large dams are
simply used for recreation, and less than 1% of these dams are used for navigation and
fish farming (ICOLD 2019). Besides, the number of multipurpose dams is growing,
particularly in developing countries. These dams can provide multiple benefits
simultaneously from one large investment. Another consideration that complicates
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planning among the major river basins of the world with abundant water resources is the
development of a system of cascading dams as opposed to simply a single dam project.

1.1.2 Challenges and Implications of Climate Change
Although dam construction is rapidly growing in view of increasing opportunities, the
challenges associated with the process are also on the rise. Climate change is one of the
biggest threats to the construction and operation of dams. In recent decades, climate
change has become a worldwide concern, with considerable regional variation. Floods,
droughts, rapid glacial melt, increasing temperatures, and variability in the timing,
location, and amount of precipitation, are all possible consequences of climate change
(Wuebbles 2017). One of the major challenges facing dam infrastructure globally is the
potential impact of climate change on water and sediment flows in rivers. Even though
climate change has the potential to affect other various types of water resources, such as
lakes, the focus of this research is on rivers and their management via dams. Dams supply
hydroelectricity, provide flood control, and meet irrigation needs. Climate change can
impact all of these functions. Changes in temperature and precipitation patterns may have
profound effects on dam productivity and safety. Furthermore, climate change could have
a significant impact on hydropower production by influencing river run-off (Blackshear
et al. 2011; U.S. Department of Energy 2017); it could also shape the desired reservoir
capacity of dams planned for the future, both in terms of supply as well as demand. Water
demand for agriculture has been increasing and decreasing in various parts of the world
due to climate change (Amisigo et al. 2015); also supply conditions are changing, which
impacts the desired number and size of new dams. Heavy precipitation events are
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projected to become more frequent over most regions throughout the 21st century; this
increases the risk of river flooding (Bates et al. 2008) and dam failure from inadequate
spillway capacity (Diffenbaugh 2017). In some areas, dam productivity or reservoir
capacity is expected to decrease, but in other areas, the situation is reversed. Meanwhile,
the risk of dam failure from flood overtopping may also increase under climate change.
The neglect of these considerations in designing new dams or the removal of existing
ones could have a huge cost in terms of wasted resources or even human lives. Studies on
soil erosion show that an increase in rainfall intensity leads to greater rates of erosion
(Bates et al. 2008). Thus, sediment inflow in dams may be impacted as well, causing
climate change to influence reservoir sedimentation, its management, and the useful
lifetimes of dams (Huang and Makar 2014, Zhu et al. 2008)

1.1.3 Sedimentation of Dams
Another serious technical problem that impacts dam and reservoir functionality is
sedimentation. As sediment accumulates in a reservoir, the dam gradually loses its
storage capacity, and therefore its ability to store water for its desired purposes.
Approximately one-fifth of global reservoir storage capacity is consumed by 1986
(McCully, 1996). An estimated rate of 0.2% of the US storage capacity is lost annually
with regional variations, while in China, as much as 2.3% of major reservoir capacity is
lost each year. Without any sediment removal, several dams will lose their ability to
function soon. Meanwhile, the cost of sedimentation removal as compared to the benefit
generated from the operation of dam has not been studied well.
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1.2 Objectives of Research
The main objective of this research is to address the following two broad questions: (1)
How to determine the reservoir capacity of a dam, particularly given climate change
induced variation in river and sediment flows. In most cases, planned reservoir capacity
decisions are made largely by engineers, with limited consideration of economics. This
study will develop a series of dynamic optimization models under different climate
change scenarios. A single or multi purpose dam as well as a series of cascading dams
will be considered. (2) How to determine optimal time periods for dam construction and
removal keeping in view expected annual peak flood flow trends under climate change. A
dynamic optimization model incorporating three trends of annual peak flood flow will be
used to solve this problem. These models will then be applied to several dams worldwide.

The specific objectives of the study are as follows:

1) To develop a series of dynamic optimization models for reservoir capacity
determination in the case of one dam that involves both annual incoming sediment
and water inflow to be impacted by climate change. Single purpose and
multipurpose dams will be modeled with modified benefit functions to determine
socially desirable outcomes while allowing for the removal of sediment.

2) To develop a dynamic optimization model for choosing the optimal capacities of
two dams in a cascade while considering the costs and benefits, not only over
time, but also over dams in a series. Water as well as sediment inflow and its
management will be incorporated into this analysis.
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3) To model the flood-overtopping failure of dams, which is considered as one
component of costs associated with climate change when deciding on initial
reservoir capacity. The optimal time periods for dam construction and removal
will also be determined by this model.

4) To test the models empirically under alternative climate change scenarios.

5) To perform a sensitivity analysis with respect to key parameters, such as unit
value of water and discount factor.

6) To derive a set of decision-making recommendations and to point policymakers
toward further investigation in order to achieve a more sustainable hydrologic
system in view of climate change.

1.3 Contributions
This research will make a theoretical contribution to the literature by determining the
optimal capacities of dams and the optimal time periods for dam life under different
climate scenarios. First, the research modifies an existing model, known in the literature
as the “Reservoir Conservation” (or RESCON) model, developed by Palmieri, Shah, and
Dinar, (2001) and Palmieri et al, (2003), to account for variation in annual incoming
sediment as well as annual mean water inflow caused by climate change. Although
climate change, which affects temperature and precipitation, can impact the runoff as
well as the erosion rate of sediment both directly and indirectly, current economic studies
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rarely consider both of these factors simultaneously in one model, which is an important
limitation.

Second, this research focuses on determining the optimal reservoir capacity and optimal
sediment removal plan simultaneously. Previous literature tackles one issue at a time. For
example, the RESCON model only addresses sediment management, while Xie and
Zilberman (2014) merely consider optimal reservoir capacity determination. The model
in this research discusses the optimal solution for the original design of the dam, taking
into account sediment removal practices; it can therefore provide an optimal design
capacity as well as a long-term sediment-removal strategy.

Third, this research extends the basic model of determining a single purpose dam’s
optimal reservoir capacity under climate change scenarios to involving cascading dams
and multipurpose dams. The limited literature that exists on such dams is extended to
address optimal reservoir capacity determination and sediment removal strategies,
especially under climate change. Coordinated and non-coordinated cases between
cascading dams are discussed for policy guidance. This analysis can contribute to
international bargaining and the integrated development of watersheds. The management
of multipurpose dams under climate change conditions is also investigated. Flood damage
and flood control benefits are specified taking exceptional circumstances into account;
meanwhile, flood control functions accommodating climate change factors are addressed,
which Pattanapanchai (2005) overlooked.
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Fourth, the possibility of dam failure is also incorporated into the model based on
expected annual peak flood flow trends. An important innovation is the determination of
an optimally sized spillway to protect against flood overtopping.

Lastly, this study will also make empirical contributions using data from the Mekong
River Basin, the Blue Nile River Basin and the Jinsha River Basin, where several dam
constructions have been proposed or are currently under construction. Climate change
poses critical and diverse threats to water availability and sustainability in all areas
mentioned above. These applications are intended to show that the models developed in
this dissertation can be helpful and valuable for policy makers as analytical tools.

1.4 Organization
The rest of the dissertation is organized as follows: In Chapter 2, a literature review of
dam construction and management, the economic aspects of dams, descriptions of
cascading and multipurpose dams, and descriptions of climate change and hydrological
applications are presented. This is followed by Chapter 3, which presents the basic
components, assumptions, and conceptual economic models associated with single
purpose dams. Numerical results and sensitivity analysis for the dynamic optimization
problem are discussed as well. The modeling approach for multipurpose dams is
presented in Chapter 4, followed by a discussion of the base case results and sensitivity
analysis with respect to several key parameters for these types of dams. In Chapter 5,
cascading dams are considered. The economic model and methodology based on this
particular situation are explored, and applications and sensitivity analysis are also
8

provided. Chapter 6 suggests problem-solving methods based on dam failure due to flood
overtopping, and an empirical case study and sensitivity analysis are discussed. Finally, a
summary from the theoretical model and empirical results are presented in Chapter 7. The
policy implications, limitations of this research and a number of suggestions for future
research are listed in this chapter as well. The appendix includes a detailed explanation of
the modification of Gould’s gamma function as adapted to climate change situations.
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CHAPTER 2
Literature Review

2.1 Introduction
Since dam construction has increased worldwide, concerns regarding size, sedimentation,
and function coordination have been brought to attention. Recently, global climate
change, which has the potential to impact dam design and construction, attracted more
concerns for planners. These issues, however, are rarely analyzed and solved together as
a system. This chapter provides a review of the literature relevant to dam construction,
management of water resources, the impact of climate change on dam functioning, and
related fields. Section 2.2 discusses the existing literature related to the economics of dam
construction and management. A brief summary of the benefit-cost analysis and
optimization methodology in natural resource economics is stated in Section 2.3. Section
2.4 presents the implication of climate change on dams including water resources, soil
erosion and sedimentation. A survey of the literature on climate condition and hydrology
in study regions (Mekong River Basin, Jinsha River Basin and Blue Nile River Basin) is
concluded in section 2.5, the summary of the findings is concluded in last section.
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2.2 Economics of Dam Construction and Management
2.2.1 Methodology and Analysis
Cost-benefit analysis, a systematic approach to estimating the benefits and costs of
alternatives, have been utilized in assisting decision makers to facilitate the problem
solving of natural resources issues since 1936 (Deborah 1979). Basically, the general
steps of a benefit-cost analysis include the following: 1) define and list the objectives of
the alternatives actions that will be impacted; 2) select measurement and measure the
benefits and costs of each alternative; 3) apply the appropriate discount rate in order to
evaluate costs and benefits over the relevant time period; 4) calculate the net present
value of the alternatives; 5) perform a sensitivity analysis under each of the alternatives; 6)
adopt the recommended alternative action (Boardman 2006). Since the 1950s, costbenefit analysis has been used as the dominant economic technique to support decisionmaking on dam projects (WCD 2000). Extensive literature documenting the benefits and
cost of dams already exists. However, two major limitations must still be considered
more carefully when performing cost-benefit analysis for a dam project: social and
environmental issues are hardly led to valuation and measured in monetary terms (WCD
2000). And an appropriate discount rate is still up for debate when applied to a lifetime
project (Freeman 1993).

Optimal control theory, which has emerged as the computational framework that deals
with optimization problems over a certain period of time has numerous applications in
natural resource economics (Hoel 2016), such as the traditional problems emphasized in
minerals extraction (Hotelling 1931; Pindyck 1978; Lozada 1995), fishery (Anderson
11

1977) and forestry (Hartman 1976). Also, some new fields which make wide use of
optimal control theory include water resource management (Palmieri et al. 2001), climate
policy (Atolia et al. 2018), and pollution control (Archer 2005). The formulation of a
dynamic optimization problem is involved with sequence of control variables. The
optimal time-path of those control variables, which applied to the above fields in natural
resource economics, is solved with optimal control theory.

2.2.2 Dam construction and sedimentation
In the field of dam construction with engineering standards, several methods have been
used for determining reservoir capacity. The design criteria are not intended to establish
one system in general, but with more acceptable design concepts (Water System Design
Manual 2019). Meanwhile, sediment management is an important factor in the design of
any dam (Miltz 1987). There is a wide range of sediment management techniques used to
preserve reservoir capacity in previous literature. Broadly, three categories can be
distinguished: 1) Route sediment through or around the reservoir, 2) remove accumulated
sediments in the reservoir, 3) minimize the amount of sediment arriving in reservoirs
from upstream, Considering the technique of removing sediment deposited in the
reservoir, Morris and Fan (1998) describes several of the strategies: sluicing, flushing,
hydrosuction, dredging and trucking. Many of them have been successfully employed in
reservoirs in a range of settings (Annandale 2011; Sumi et al. 2012). But each specific
project needs to choose the optimal technical and financial strategy for its situation. .
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2.2.3 Economic Aspects of Dams
From an economic point of view, however, the literature on determination of optimal
dam capacity with or without the influence of climate change is quite sparse. For single
purpose dams, there are now a few papers that address different dimensions of this
influence. Without considering situations caused by climate change, Xie and Zilberman
(2014) have developed a theoretical economic model for determining the optimal
capacity of diversion dams while incorporating stochastic water inflows. Booker (2005)
presents a dynamic model of intra-year water management decisions for a single reservoir.
In addition, when climate change factors are taken into account for reservoir capacity
determination, Lloret and Costello (2011) and Nassopoulos et al. (2012) address those
considerations. Lloret and Costello (2011) seek to understand how much water to store
given that water flow is subject to variation under climatic change conditions. They have
also created a model to analyze the effects on optimal reservoir capacity under various
climatic change conditions. Nassopoulos et al. (2012) perform a cost-benefit analysis for
reservoir capacity determination when water flow varies due to climate change.

The economics of reservoir sedimentation alone have also been studied by Palmieri, Shah,
Annandale and Dinar (2003). They used dynamic optimization methodology to analyze
life cycle management of a dam that has a given reservoir capacity and is subject to
sedimentation. And Kawashima, et al. (2003) and Palmieri et al. (2003) extended the
research to develop an engineering and economic model named Reservoir Conservation
(RESCON). The computer model of the RESCON approach which from the economic
optimization routine helps to identify the optimal sediment removal technique among
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several alternatives for sustainable use in a given water resource project. In addition,
Kapadia (2003) carried out an economic analysis of soil conservation in watershed and
reservoir sedimentation in a dynamic system (Lee 2009).

2.2.4 Multipurpose Dam management and Cascading Dam coordination
The literature mentioned in previous sections discusses only single purpose dams.
However, many dams around the world, especially large dams, have more than one
purpose. These purposes conflict in terms of the reservoir level that needs to be
maintained for optimal technical and economic results. Branche (2015, 2017) introduces
the concept of sharing the water uses of multipurpose reservoirs in a coordinated manner.
Hadjerioua et al. (2015) estimates the economic benefits of multipurpose reservoirs with
each purpose belonging to part of an integrated system of competing uses in the United
States. Several literatures also address sedimentation management under a multi-purpose
dam system. Pattanapanchai et al. (2002) proposes an optimal control model developed to
evaluate different sediment management strategies for multipurpose dams including flood
control functions. Randle and Boyd (2018) discuss the sedimentation issues facing
federal dams and sustainable reservoir sedimentation management in multipurpose dams.

In addition to single and multi-purpose dams, cascading dams on a stream flow are
considered to be an effective system in water resource utilization. Therefore, a variety of
studies have been carried out regarding the optimal scheduling of cascading dams. These
studies can be grouped into two categories. From the perspective of a technician,
developing site-specific cascade station operation rules is one of the major dimensions.
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Lu, et al, (2015) uses hydrogen as an energy storage medium to achieve the optimal
operation of cascading dams, and in Ma et al, (2013)’s study, short-term optimal
operation rules are proposed with the Three-Gorge and Gezhouba cascade dams in order
to adjust the water resource usage between two dams. Another field focuses on
maximizing the economic benefits of cascade dams and managing the sedimentation
among each facility. Kawashima and Shah (2002) have developed a model to compare
the net benefits of alternative sediment removal techniques for a system of cascading
dams.

In conclusion, the literatures mentioned in previous sections have each respectively
addressed parts of the field. Some of the literature, such as Xie and Zilberman (2014) and
Booker (2005), considers only water management or optimal capacity determination
without taking climate change effects into account. Even though some of the literature
includes climate change as a factor that impacts water resources, none of this literature
includes sediment inflow as one of the factors influenced by climate change. Some
studies such as Palmieri, Shah, Annandale and Dinar (2003) and Kawashima, et al. (2003)
focus mostly on sedimentation management. Even when Pattanapanchai et al. (2002) and
Kawashima and Shah (2002) consider sediment removal strategies respectively involving
multipurpose dams and cascading dams into, the reservoir capacity determination and
optimal time-path of the sediment removal amount are still not addressed.
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2.3 Climate Change and Dams
Climate change means that the Earth’s climate system can expect new weather patterns
on a long-term basis. Observations from the Melillo et al. (2014) conclude that global
climate is changing at a rapid pace and in a pattern to influence natural resources.
Thousands of studies have documented the changes occurring in surface, atmospheric and
oceanic temperatures. Nine key indicators show long-term trends that are consistent with
global warming in Figure 2.1. Since 1901, the global average annual temperature has
increased by more than 1.2 ℉ (Vose et al. 2012) Futhermore, annual average
precipitation across global land areas has shown a slight increase. In the long-term, each
unit of global temperature increase in Fahrenheit will result in precipitation increases of
approximately 0.55% to 0.72% (IPCC, 2013). Extreme weather events will continue to
occur more frequently, and the duration and magnitude of those extreme weather events
will also change as a consequence of a warming climate. The occurrences of extreme heat
and cold, extreme precipitation, tornadoes and thunderstorms, winter storms and tropical
cyclones, will all increase.

Figure 2. 1 Global Warming Indicators
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Source: Climate Science Special Report
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2.3.1 Climate Change Impacts on Water Resources
Climate change is likely to have a significant bearing on the water inflows to dams,
thereby impacting their operation. It could shape the desired reservoir capacity of dams
planned for the future, both in terms of supply as well as demand factors. Several
researchers have raised this issue. For example, Blackshear et al. (2011) indicate that
climate change, by inducing alterations in evaporation, river discharge, temporal
precipitation patterns, the frequency of extreme meteorological events, and the glacial
melt rate, has the potential to make an appreciable impact, both positive and negative, on
hydroelectric energy production in every part of the world. Other researchers have
examined the impact of climate change in the context of specific countries and locations,
Cole et al. (2014) address Africa’s increasing reliance on hydropower in light of climate
change. Charalampos et al. (2013) provide a case study considering climate change
impacts on dams in the Mesta/Nestos River Basin in Greece, where these researchers
mention that the largest impact of climate change would be on hydropower generation as
it is sensitive to the amount, timing, and geographical pattern of precipitation as well as
temperature. In the US, the Department of Energy’s 2013 report shows that climate
change would affect the federal hydropower production.

Water demand for agriculture is also increasing and decreasing in various locations
around the world due to climate change (Amisigo et al. 2015). Climate change impacts
the agricultural water requirement, water availability, water quality, and the translation of
those factors to crop yield. Moreover, supply conditions are changing the desired number
and sizes of new dams. Locally, Boonwichai et al. (2018) assess the impact of climate
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change on irrigation water requirement (IWR) in Thailand. They expect increases in IWR
in the future. In west and central Africa, small-scale irrigation and other forms of
agricultural water management are critical in building resilience to increases in climate
variability.

Since extreme weather events, such as heavy precipitation, are likely to be experienced
more frequently over most regions of the world throughout the 21st century, flood
frequency and magnitude will increase, which poses a potential threat to dam flood
control systems (Bates et al. 2008, Wu et al. 2014). Some regional river basins, such as
the Skagit River Basin, experience dramatic shifts in water flow from spring to winter,
and more severe extreme flood events are to be expected (Lee et al. 2019),

2.3.2 Climate Change Impacts on Incoming Sediment
Climate change has a significant effect on erosion and sedimentation as well. Changes in
temperature and more frequent and intense rainfall events can affect the rate of soil
erosion and result in greater amounts of sediment transport in a given river, which
influences

sediment

flux

in

that

river.

(http://unesdoc.unesco.org/images/0026/002605/260566E.pdf). Changes in climate will
also impact the sediment load due to storm water runoff while stronger storms, higher
river levels, and faster stream velocity occur. Huang and Makar (2014) assess the impact
of projected climate changes on sediment loads in two reservoirs in America. This study
shows that sediment inflow will decrease in one reservoir and has the potential to
increase in the other because of climate factors. Zhu et al. (2008) estimate a change in
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sediment flux from -0.7% to 13.7% as a result of changes in rainfall ranging from -0.7%
to 17.8% in the upper Yangtze River in China. Another study from Nerantzaki et al.
(2016) reveals that a 14.6% decrease in average rainfall on the Acheloos river basin as a
result of A1B climate change scenarios will also induce a 7.9% decrease in the deposited
sediment mass. By the year 2100, the deposited sediment volume will occupy 6.1% of the
effective volume of the reservoir under climate change conditions.

Furthermore, climate change dynamics are also increasing flood over-topping risks
(https://robertscribbler.com/2016/07/11/climate-change-is-pushing-lake-okeechobeewater-levels-higher-and-thats-bad-news-for-algae-blooms-flood-risk/) with regard to
dam/reservoir construction.

2.4 Regional hydrological and Climate Change in Applications
In terms of existing research for the case study areas, a number of reports provide the
hydrology and sediment trends and status under both regular climate and changing
climate systems in the Mekong River Basin. For example, Hoang et al. (2016) indicate
that implications of climate change induced hydrological changes are critical and thus
require special attention with regard to climate change adaptation and disaster-risk
reduction in the Mekong area. Both Beilfuss and Triet (2014) and Lauri et al. (2012) look
at the impact of climate change on Mekong River Basin hydrology. And Shrestha et al.
(2013) evaluates the impact of climate change on sediment yield in the Nam Ou basin in
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northern Laos. Keskinen et al. (2010) estimates the monthly discharges and flood level of
the Mekong river at Kratie based on climate change.

The effects of climate change on the Jinsha River Basin, which is located in the upper
reach of Yangtze River in China, will have a crucial impact on the local economy,
agricultural ecosystems, and community members’ livelihoods. Glacier melt and climatic
variability are two major elements that influence the water regimes in this area.
Projection of future changes in extreme precipitation experiences suggest that such events
will dramatically increase in the upper basin. The extreme flooding that results from
current climate scenarios will also increase, which implies more flooding in the near
future (Yuan et al. 2018).

The Blue Nile river is the main tributary of the Nile river, and supplies approximately 66%
of the Nile river’s total water resources. Under current climate change scenarios, a strong
seasonal shift in precipitation is expected (Roth et al. 2018). In addition, the precipitation
will increase from 7% to 48%, which will increase stream flow from Blue Nile Basin
from 21% to 97%. Adem et al. (2015) reveals that sediment yield was related to a change
in climate variables in the Upper Gilgel Abay of the Blue Nile Basin in Ehiopia. Using
watershed model analysis and IPCC Coupled Model Intercomparison Project 5 (CMIP5),
Wagena et al. (2016) shows that both mean annual inflow and sediment concentrations
will experience increases respectively from 22% to 27% and 16% to 19%. In the Tana
and Beles Basins more severe floods are likely to be exacerbated as well.
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2.5 Summary
Reservoir capacity determination and sediment removal management are widely
acknowledged as important factors, not only for water project design, but also with
regard to the integrated watershed management and sustainability of up and down stream
ecosystems. Although extensive efforts have been made to study the economics of
reservoir capacity and sedimentation management, most of them only focus on one
problem at a time. Furthermore climate change is rarely included in discussions of
reservoir capacity determination. Multi-purpose dams and cascading dams are mentioned
even less in general optimization models that have reservoir capacity as a control variable.
These research models build upon Palmieri et al. (2003), which uses dynamic
optimization methodology to analyze the life cycle management of a dam that has a given
reservoir capacity and is subject to sedimentation. The current research attempts to fill
existing gaps in the literature by developing a series of optimal control models under
different situations. Following Kawashima et al. (2003), Pattanapanchai (2005) and Lee
and Shah (2009), climate change factors, multipurpose dam management and cascading
dam organization are respectively considered in each chapter to obtain the optimal
reservoir capacity solution and optimal sediment removal amount.
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CHAPTER 3
OPTIMAL RESERVOIR CAPACITY AND MANAGEMENT UNDER
CLIMATE CHANGE: THE CASE OF SINGLE PURPOSE DAMS

3.1 Introduction
In this chapter, a model of optimal dam capacity selection and sedimentation
management under climate change is presented, with the dam having only one purpose
such as hydropower or irrigation.

Hydropower, a relatively clean and renewable resource, plays an important role in the
world’s energy portfolio (Pineau, 2017). A combined capacity of 675,000 megawatts that
produces an average of 2.3 trillion kilowatt-hours from the world existing hydroelectric
power plants is yielded each year, supplying 24% of the world’s generated electricity
(ICOLD 2019). It also represents 78% of renewable electricity generation (World Atlas
and Industry Guide 2019). To date, hydropower has been extensively implemented in
developed countries, and there are currently about 1200 large dams under construction in
49 countries around the world, especially in developing and emergent countries such as
Africa and Asia (Berga 2016). For 58% of these major dams, hydropower is one of the
main objectives. And more hydroelectric dams are expected to build with doubled
worldwide energy consumption estimation between 2007 and 2035 (IWMI 2011).

The relationship between hydroelectric dams and climate change is, however,
multifaceted and complex. On the one hand, hydropower contributes significantly to
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GHG emissions reduction and the mitigation of global warming. According to the World
Energy Council (WEC), hydropower prevents the emission of about 9% of global annual
CO2. On the other hand, climate change is likely to continue to alter river flow variations
and discharges, affecting hydropower generation. The impact of climate change on
hydropower generation could be variable and quite different among different locations.
For example, by the 2070s, the hydropower generation has been estimated to potentially
increase 15% to 30% in northern and Eastern Europe. On the contrary, a 20% to 50%
decrease is expected for the Mediterranean (Lehner et al. 2005). The increased climate
variability will also impact sediment inputs and sediment transport, which, will, in turn,
change the sediment loads that impact the reservoir capacity of a dam. Since hydropower
depends on both reservoir capacity and water inflow, this climate variability must be
taken into account.

Dams also provide agricultural purposes and irrigation; by far, the most common purpose
of dams is irrigation. Among the single purpose dams, 48% of the existing dam projects
are for irrigation (ICOLD 2019). And a major portion of water stored behind dams in the
world’s withdrawn system is for irrigation as well. By 2000, dams worldwide irrigated
over 30 percent of the 271 million hectares farmland (World Commission on Dams 2000).
From the supply side, more reservoir projects of irrigation will be required for
construction, because with the large population growth expected for the next decades,
irrigation must be expanded to increase the food capacity production compared with the
present irrigated land cover. Climate change, however, can affect the water supply and
irrigation water requirements in future. Directly, it will impact the amount of the water
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that supplied to the irrigation sector. And also, climate change can impact the water
requirements that crop needs regionally which more supply of water resources are needed.
Enlarged variation of the precipitation or other extreme weather events may also cause
the increase of the reservoir construction for the ability of storage and adjustment of
irrigation water supply.

Climate change brings a challenge for hydropower development and irrigation function,
but it also offers an opportunity to help absorb runoff variability. A suitable design
capacity taking account of climate change factors and a systematic sediment removal
managing strategy should be performed.

This chapter presents an optimal control model that helps us to determine the reservoir
capacity and extent of sediment removal from a dam that applied to hydropower
generation or irrigation. The rest of this chapter is organized as follows: Section 2 starts
with a discussion of the general modeling approach. Section 3 describes each benefit and
cost function in detail. Section 4 explains the climate change factor in isolation. Section 5
proposes the optimal framework for a single purpose hydroelectric dam. Section 6
interprets the estimation results and sensitivity analysis from the specified model, which
is applied to dams in Cambodia and China. Concluding remarks with a summary of the
main findings can be found in Section 7.

3.2 Modeling Approach
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In this section, benefit-cost analysis and optimal control theory are utilized to determine
the optimal reservoir capacity and the reservoir sediment removal amount for the single
purpose dam. Climate change factors are examined as they impact two parameters,
namely, annual mean water inflow and annual mean incoming sediment, and thereby the
economic benefit of the reservoir. The model considers both costs and benefits as they
relate to the practice of designing the dam. The operation and maintenance costs are also
accounted for in addition to construction cost. The overall objective is to determine the
policies by which the total lifetime discounted net benefits of a dam are maximized.

The following assumptions are made in this model:
(1) The reservoir capacity declines over time with sedimentation, and the Hydrosuction
Sediment Removal System (HSRS) is used to partially remove the accumulated sediment
(Hotchkiss and Huang, 1995).
(2) The dam is decommissioned after it is silted.
(3) All water stored in the wet season is utilized in the dry season of the same year, thus
the dam in this model is an annual, as opposed to multi-year, storage dam.
(4) Climate change impacts temperature, precipitation, and evaporation rates, all of which
lead to changes in mean annual water and sediment inflows.

Key components of the social net benefit function and the conceptual model are
described in the next sections.
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3.3 Dam’s Benefit and Costs
In this model, the dam serves the single main purpose of hydropower generation or
irrigation; the benefit analysis can be performed based on the amount of water stored in
the reservoir. Then, a water yield function is used for estimating the water yield from the
quantity of stored water.

Water Yield Function
Gould’s gamma function, which gives reliable water yield as a function of the remaining
storage capacity, is used to calculate the estimated reservoir yield that can be given
economic value. The relationship between reservoir capacity and reservoir yield is
depicted in Figure 1. When the reservoir capacity decreases due to sedimentation, the
reliable reservoir yield also decreases concavely.
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Figure 3. 1 Reservoir Storage and Reservoir Yield Relationship

Source: Palmieri, A., et. al. (2003)

Figure 3.1 depicts the following form of Gould’s gamma function, based on Morris and
Fan (1998), in which water yield is a function of remaining reservoir capacity and mean
annual water inflow:

𝑊! (𝑆! ) =

4 ∙ 𝑆! ∙ 𝑉!" − 𝑍𝑝𝑟 ! ∙ 𝑠𝑑 ! + 4 ∙ 𝐺𝑑 ∙ 𝑠𝑑 !
!!

4 ∙ (𝑆! + ! ∙ 𝑠𝑑 ! )
!"

where 𝑊! = reservoir yield at year t
𝑆! = remaining reservoir capacity at year t
𝑉!" = mean annual water inflow for base year
𝑍𝑝𝑟 = standard normal variate of p%
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𝐺𝑑 = adjustment factor to approximate the Gamma distribution
𝑠𝑑 = standard deviation of incoming flows

Benefit Function
The benefit in this model is the yield from hydropower production or irrigation as
measured through the total reservoir yield used for these purposes. The value of each unit
of the reservoir yield is represented as a parameter, 𝑃. For simplification, the price of unit
water yield is taken as constant. The annual benefit is estimated as the price of each unit
of reservoir yield multiplied by the reservoir yield, which is described in the function
below:
𝑆𝐵 = 𝑃 ∗ 𝑊! (𝑆! )
where 𝑆𝐵 = single purpose dam benefit
𝑃 = unit value of water yield

When considering the construction of a new dam, the capital costs, which include
investment in planning, preparing, and construction, are the first costs that a new facility
must bear. In this model, the capital costs will be treated as the construction cost to be
included in the benefit-cost analysis.

Recurrent costs, which include operation,

maintenance, and monitoring costs, also need to be incorporated in order to maintain
regular operation and maintenance for the facility after a dam is built (Jagals and Rietveld,
2011). If a dam utilizes any sediment removal technique to maintain the water storage of
a reservoir, additional costs will be added. When the dam is filled with sedimentation and
decommissioned, it also incurs a salvage value as a dam-removal cost. Therefore, the
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model in this chapter includes the following four types of expenses that arise for a dam:
(1) construction cost; (2) annual operating and maintenance cost; (3) annual sediment
removal cost; (4) salvage value. Each empirical study will take the actual cost into
consideration whenever it is available to apply to the four categories of costs described
above; however, most of the costs in the case studies are not specified in which the
procedure and functions represented below are utilized for cost estimation.

Construction Cost
The construction cost of a dam is a function of the initial reservoir capacity, 𝑆! , which
can be computed based on the RESCON model (Palmieri et al. 2003):

𝐶𝐶 𝑆! = 𝑐 ∗ 𝑆!
where 𝐶𝐶 𝑆! = construction cost
𝑐

= unit cost of construction

Annual Operation and Maintenance Cost
The annual operation and maintenance cost is assumed to be a function of initial reservoir
capacity as well based on the RESCON model. Thus, the function represented as:

𝑂𝑀𝐶 = 𝑜𝑚𝑐 ∗ 𝑐 ∗ 𝑆!

where 𝑂𝑀𝐶 = annual operation and maintenance cost
𝑜𝑚𝑐 = operation and maintenance coefficient which
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adjusted for a specific dam project

Annual Sediment Removal Cost
Hydrosuction Sediment Removal System (HSRS) (Hotchkiss and Huang, 1995) is
considered to be the only sediment management technique in this model, the cost of
which is calculated as:

𝑆𝑅𝐶 𝑋! = 𝑘 ∗ 𝑋!

where 𝑆𝑅𝐶 𝑋! = annual sediment removal cost
𝑘 = unit cost of sediment removal
𝑋! = amount of sediment removed at year t

Salvage Value
Salvage value is an estimated amount that is expected to be received at the end of a plant
asset’s useful lifetime. This value takes into account the cost of removing the dam
structure as opposed to the benefit of maintaining the dam structure and continuing
operations as a run-of-river dam (Pattanapanchai 2005). The choice to maintain the dam
as a run-of-river facility after it is fully silted results in a benefit from operation that is
subtle and unpredictable. Therefore, in this model, the salvage value is assumed to be
dam removal cost and is represented as a fraction of the construction cost. The value is
negative.
𝑆𝑉 𝑆! = μ ∗ c ∗ 𝑆!
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where 𝑆𝑉 𝑆! = salvage value
µ = removal cost parameter

3.4 Climate Change Factor
Climate change leads to changes in the hydrological cycle, soil erosion, and sediment
loads in the following three ways: temperature variation, precipitation variation, and
variation in evaporation rates (Allen and Ingram 2002; Trenberth et al. 2003; Nijssen et al.
2001; Michael et al. 2005; Syvitski et al. 2003). In order to mitigate the impact of climate
change on the future energy supply and create a sustainable water system and
management strategy, climate change factors are introduced to the model in two ways.
First, the mean annual water inflow is changed via an adjustment factor 𝛿! , consequently,
standard deviation of the mean annual water inflow is increased by 𝛿! as well. Adapted
from Lee and Shah (2009)1, the resulting water yield function from equation (3.1) is:

𝑊! (𝑆! , 𝛿! ) =

4 ∙ 𝑆! ∙ (1 + 𝛿! ) ∙ 𝑉!" − 𝑍𝑝𝑟 ! ∙ 1 + 𝛿! ! 𝑠𝑑 ! + 4 ∙ 𝐺𝑑 ∙ 1 + 𝛿! ! 𝑠𝑑 !
!"

4 ∙ (𝑆! + ! ∙ (1 + 𝛿! ) ∙ 𝑠𝑑 ! )
!"

where 𝛿! is the climate change adjustment factor for water inflow at year t that has a
percentage impact on the mean annual water inflow for the incoming years. The value
varies depending on the climate change projection appropriate to each specific location.
Second, climate change also impacts the annual mean incoming sediment in this model.
An additional adjustment factor, 𝜃! , is introduced as well in order to account for the

1

Detail of the calculation for Gould’s Gamma Function under climate change is provided in Appendix
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changes that influence the sediment entering the reservoir each year. 𝜃! applies to the
equation of motion, which is described in section 3.6. In the absence of climate change,
𝑀! would be the incoming sediment that reduces the total reservoir capacity annually.
However, with climate change, the annual incoming sediment can be represented as
1 + 𝜃! 𝑀! . It is also important to note that, in general, climate change can affect the
variability of river flows in different patterns in different seasons as well (Dinar, et al.
2016). Nonetheless, in this model, annual data is applied; climate change is assumed to
have only influence on the standard deviation of mean annual water inflow (𝑠𝑑).

3.5 Planner’s Problem
Modified from the RESCON model (Palmieri et al. 2003), the lifetime net present value
of a hydroelectric dam is taken to be a function of optimal reservoir capacity with the
volume of sediment removed and climate change adjustment factors for water and
sediment inflow.

The aggregate net present value of a single purpose dam, which is equal to the total
lifetime benefit minus the total lifetime cost can be written as:
!

𝑁𝑃𝑉 =
!!!

𝑆𝐵 𝑆! , 𝛿! − 𝑂𝑀𝐶 𝑆! − 𝑆𝑅𝐶 𝑋!
∗ 𝑒 !!"

where 𝑇 = optimally determined terminal time
r

= discount factor
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𝑒 !!" 𝑑𝑡 − 𝐶𝐶 𝑆! + 𝑆𝑉 𝑆!

The planner tries to maximize the lifetime net present value by selecting the initial
reservoir capacity and the amount of sediment removed at each instant over an optimally
determined time horizon, 𝑇:

Max 𝑁𝑃𝑉

!! ,!,!

!

=
!!!

𝑆𝐵 𝑆! , 𝛿! − 𝑂𝑀𝐶 𝑆! − 𝑆𝑅𝐶(𝑋! ) 𝑒 !!" 𝑑𝑡 − 𝐶𝐶 𝑆!

+ 𝑆𝑉(𝑆! ) ∗ 𝑒 !!"

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

!!!
!"

= − 1 + 𝜃! 𝑀! + 𝑋!

𝑋! = 𝛼 ∗ 𝑀!

𝑀! = 1 + 𝜃! 𝑀!

0<𝛼<𝛼,0<𝛼<1

Where 𝜃! = climate change adjustment factor for incoming sediment at year t
𝑀! = amount of incoming sediment at year 0
𝑀! = annual incoming sediment under climate change
𝑋! = annual sediment removal amount
𝛼 = maximum fraction of sediment removed by HSRS
𝛼 = fraction of the annual sediment removed by HSRS
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𝑀! represents the amount of incoming sediment at year 0 and under climate change
condition, incoming sediment 𝑀! is varied each year by the climate change adjustment
factor 𝜃! . 𝛼 is the ratio that represents the percentage of the sediment removal amount
each year. The ratio of annual sediment removal amount is optimally determined by the
best control model, which is assumed to be less than or equal to the maximum ratio of
sediment removed under the partially removed strategy HSRS, optimal time path of 𝑋!
then automatically determined by 𝛼. A corner solution is expected because of the
property of the annual sediment removal cost function. In other words, either zero
amount of the sediment will be removed or the full ratio (𝛼) of 𝑀! are chosen to be
removed in a systematic optimization problem. Sediment removal can help extend the life
of a dam, but eventually, the dam will fill up when excess sediment accumulates.

3.6 Case Studies
Climate change has resulted in various river flow changes all over the world, thus
impacting hydropower generation in a myriad of ways. For example, the Fifth
Assessment Report (AR5) of IPCC shows an increase in water resources at high latitudes
in tropical East Africa and Southeast Asia. On the contrary, a decrease in water resources
in the Mediterranean Basin, the Western US, Southern Africa, and Northeastern Brazil.
The water runoff will be reduced in Southern Europe as well (Stocker, et al. 2013).
However, according to the IPCC’s projected estimation, the water resources that feed the
supply used to generate hydropower may have an irregular and uneven geographical
distribution because glaciers and snow-fed rivers are more sensitive to seasonal shifts in
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streamflow (Nalcamo 2000). When sediment loads and erosion changes induced by
climate change are taken into account, estimation of the changing amount of incoming
sediment at the global and regional levels involves more uncertainties. Records of
sediment loads obtained from long-term monitoring programmes show that the mean
annual suspended sediment loads at Lijin station in China and the Chao Phraya River in
Thailand have seen a significant reduction, while the same period saw a significant
increase at the upper Kolyma River in eastern Siberia, Russia (Desmond 2009).

One case study is chosen as an illustration under the significantly diverse climate change
situations of water inflow and the uncertainty of the sediment inflow from lower Mekong
River Basin. The so-called Sambor Dam is under construction. Detailed background,
along with case study results and sensitivity analysis, are provided and performed below.

3.6.1 Background
The study area is located in the Mekong River basin, which currently contains 253 dams
and reservoirs (MRC 2010; Interm Committee for Coordination of Investigations of the
Lower Mekong Basin 1988), with an additional 134 projects planned for the area.
Mekong River runs through six countries from its origin on Tibetan Plateau to its outlet
through the Mekong Delta into the South China Sea (Beilfuss and Triet 2014). Its annual
discharge volume ranks as eighth among the world’s rivers (Goteti 2001; MRC 2010).
However, the climate varies significantly from the upper Mekong basin to the lower
Mekong basin. The huge drop in elevation, the regional monsoon systems, and the
tropical climate are all factors that impact the climate and hydrology of the Mekong River
basin. Therefore, climate change will continue to have a huge effect on the key
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hydrological parameters of relevance to hydropower generation. Temperature and
precipitation pattern changes affect the glaciers’ melt, the evaporation rate, and the
frequency of floods from upper to lower spaces.

3.6.2 Sambor Dam
Sambor dam (Figure 3.2) is a projected hydroelectric dam that will be located on the
lower Mekong basin in Cambodia at 12° 47′ north latitude and 105° 57′ east longitude,
near the village of Sambor, upstream of Kratie (Food and Agriculture Organization of the
United Nations 1968). The dam is expected to be commissioned in 2020, with a total
reservoir capacity of 3794 million m3, a length of 18,002 m, and height of 56 m. The
installed power capacity is estimated to be 2,600 MW, of which 70% would be destined
for Vietnam, while the other 30% is intended for domestic Cambodian markets. The
climate in this area is dominated by the regional monsoon systems. Generally, in this area,
the mean annual average temperature and potential evaporation are projected to increase;
however, the mean annual sub-basin precipitation is projected to decrease for low lying
areas and the lower reaches of the Lower Mekong basin, where Sambor dam is located.
Therefore, decreasing precipitation and increasing temperature will induce less water
inflow, affecting Sambor dam. In addition, climate change will induce a precipitation and
annual stream discharge change, which is predicted to lead to changes in annual sediment
yield also from upstream (Shrestha et al. 2013). It might be more precise to deal with
climate change patterns as the important factor in considering the construction of the dam.

Figure 3. 2 Location of Sambor Dam on the Mainstream Mekong River
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Source: www.internationalrivers.org

3.6.2.1 Data
The data used for this empirical study are divided into the following four categories:
economic data, hydrologic and sedimentation characteristics data, climate change data,
and dam engineering data. The unit value of hydropower for Sambor dam is available
from the ASEAN Centre for Energy; while the unit cost of dam construction will be
taken from the Mekong River Commission (MRC). The hydrology and sedimentation
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characteristics data include mean annual water inflow, standard deviation of incoming
flows, standard normal variation of 𝑝%, the adjustment factor of gamma distribution, and
mean annual incoming sediment. Some of the data needed, such as mean annual water
inflow and mean annual sediment inflow, are provided in Wild and Loucks (2015) and
Wild et al. (2016), and the other hydrology characteristics data have been obtained from
Cetinkaya (2006) and Annandale et al. (2011). However, data for some key parameters,
such as standard deviation of incoming water flows, and the adjustment factor of the
gamma distribution, will be illustrative and subject to sensitivity analysis. Climate change
scenarios, which result in adjustments to mean annual water inflow in Gould’s gamma
function, as well as mean annual incoming sediment that impacts reservoir lifetime, are
indicated as adjustment factors. Dam engineering data such as reservoir capacities, dam
types, and total water releasing capacity come from two sources: WLE (Water, Land and
Ecosystems) Mekong, and International Rivers.

Climate change projections are derived from the results of general circulation models
(GCMs), which are based on emission scenarios. Since 2003, several different GCMs
have been applied to the MRB, encompassing emission scenarios ranging from low (B1),
to medium (B2, A1B), to high emissions futures (A2, A1F1) (Nakićenović et al. 2000).
The most recent model simulations from the Intergovernmental Panel on Climate Change
(IPCC) shows the daily average temperature will increase by 0.8−1.4℃ by 2050 relative
to the 1985-2000 baseline for Scenario A1b and 0.6—1.3℃ for scenario B1 at Kratie, and
the sub-basin precipitation change by percentage will decrease from 0 to 4% annually
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among the emission scenarios (Figure 3.3). The evaporation rate will also increase during
future decades in this area due to rising temperatures in general.

Figure 3. 3 Climate change predictions for Mekong River Basin: temperature and
precipitation changes

Source: Hoanh et al. 2010

Therefore, based on four models respectively under A1b and B1 scenarios, the mean
annual water inflow is estimated to decrease 0.2% in average each year in the Kratie
reservoir (Figure 3.4) (Hoang et al. 2016). The scenarios chosen in this application are for
illustrative purposes only; other scenarios based on GCM’s model can also be used to
obtain the optimal results.
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Figure 3. 4 Climate change predictions for Mekong River Basin: mean annual water
inflow changes

Source: Lauri et al. 2012

However, the same procedure cannot apply directly to the annual incoming sediment
adjustment factor because the climate change impact on sediment loads each year is hard
to anticipate accurately, and different climate change model and scenarios demonstrate
diverse results. Therefore, annual incoming sediment adjustment factors are simulated for
0.3%. Selected economic and hydrologic parameters are presented in table 3.1.

Table 3. 1 Selected Economic and Hydrologic Parameters for Sambor Dam
Description

Notation Value

Unit

Price of hydropower

𝑃!

0.25

$

Unit cost of dam construction

𝑐

0.1

$

Unit cost of sediment removal

k

0.01

$

Mean annual water inflow

𝑉!"

435,196.8

Million 𝑚!
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Maintenance and operation coefficient

𝑜𝑚𝑐

0.1

-

Annual incoming sediment

𝑀

33.18

Million mt

Discount factor

𝑟

5

%

-0.2

%

0.3

%

Climate change adjustment factor for water inflow 𝛿!
Climate change adjustment factor for incoming

𝜃!

sediment

3.6.2.2 Empirical Results
In this model, optimal management policy is defined as the policy that yields the highest
net present value of the potential benefit, the optimal reservoir capacity and the optimal
sediment removal amount annually. The maximum fraction of sediment removed, 𝛼, is
assumed to be 0.5 for illustrative purposes. Based on the climate change data for annual
mean water inflow and annual incoming sediment discussed in section 3.7.2.1, two cases
associated with climate related variation in annual mean water inflow are considered: no
change for the amount of annual incoming sediment and change for the amount of annual
incoming sediment. Three climate scenarios are discussed in results table 3.2. The base
case is defined as the constant annual mean water inflow and the constant annual mean
incoming sediment. The mean annual water inflow decreases by 0.2% each year, the
decreasing trend of the mean annual water inflow is combined with the following two
simulated scenarios of the changing pattern of the incoming sediment: constant and
increasing.
Table 3. 2 Simulation Results for three types of climate scenarios for Sambor Dam
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Climate Change
Scenarios
Designed
Vin & Mt Constant
(baseline)
Vin Decreasing Mt
Constant
Vin Decreasing Mt
Increasing

Reservoir
Capacity
(Million m3)

Fraction of
Sediment
Removal Amount

Net Present
Value
(Million $)

Life-Span
(y)

3794

-

-

-

3785.42

0.5

2,229,147.57

228

3585.94

0.5

2,142,190.26

216

4153.99

0.5

2,142,067.63

194

Table 3.2 summarizes the results of the reservoir capacity, fraction of the sediment
removal amount, net present value, and life-span for each climate scenario. If the
incoming sediment keeps increasing, and is annually coupled with the trend of decreasing
mean annual water inflow, the largest reservoir capacity is suggested. The increasing rate
of incoming sediment will fill the dam up in 194 years, which is the shortest life-span
among those three scenarios. Each scenario recommends a corner solution, where the
maximum allowed percentage of the annual incoming sediment (i.e., 50%) is removed.
Therefore, the optimal time paths of sediment removal amount under three climate
scenarios are indicated in Figure 3.5. For Sambor dam, climate change certainly has a
negative effect on net present value. The baseline case generates the highest net present
value at 2,229,147.57 million dollars, and the lowest net present value occurs when the
mean annual water inflow decreases and the amount of annual incoming sediment
increases. This occurs because less benefit can be generated from the hydropower facility
when less water inflow is available to produce hydroelectric power, and more incoming
sediment occupies the active reservoir capacity.
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Figure 3. 5 Optimal Time Path of Sediment Removal Amount for Sambor Dam

Sediment Removal Amount
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0

Year

3.6.2.3 Sensitivity Analysis
These changes in parameters may impact the final results of the model and, therefore the
implication. In this section, sensitivity analysis for various economic and hydrology
parameters is carried out. The baseline case model is modified to investigate the
consequences of varying the unit cost of dam construction, the unit value of hydropower,
the discount factor and the maximum ratio of sediment removal amount for the three
climate scenarios. The results for reservoir capacity, ratio of the annual sediment removal
amount, total net present value, and the dam’s life-span from the sensitivity analysis are
reported below.

Unit Cost of Dam Construction
The baseline case of the unit cost of dam construction is $0.1; it is varied from 0.03 to 0.7.
Table 3.3 summarizes the selected results of reservoir capacity and annual sediment
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removed amount under three climate scenarios based on the variation of unit cost of dam
construction. As one would expect, a higher unit cost results in a smaller total reservoir
capacity for all climate scenarios. However, the marginal unit of construction cost
changes from 0.03 to 0.7 leads to a less change per unit of the optimal reservoir capacity.
Especially when the unit cost is less than 0.08, the optimal reservoir capacity is relatively
larger. The curve of total reservoir capacity kinked at the point that unit construction cost
is $0.08. The ratio of sediment removal amount is always suggested as 50% per year.
Total net present values are decreased when unit cost of dam construction are increased
in three climate scenarios. The other results, such as the life-span of Sambor dam with
four chosen values of unit cost declines accompanied by a decreasing trend of the
reservoir capacity, because all of which depends on the time when dam is fully silted.
Table 3. 3 Sensitivity Analyses on Unit Cost of Dam Construction for Sambor Dam
Vin & Mt Constant
c
0.03
0.08
0.1
0.5
0.7

St
5597.09
3967.98
3785.41
2840.56
2740.71

𝜶
0.5
0.5
0.5
0.5
0.5

NPV
2230070.00
2229381.98
2229147.57
2225284.64
2223572.69

Vin decreasing Mt constant
St
5376.35
3768.41
3585.94
2690.86
2624.06
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𝜶
0.5
0.5
0.5
0.5
0.5

NPV
2142987.55
2142413.28
2142190.26
2138507.68
2136879.45

Vin decreasing Mt
increasing
St
NPV
𝜶
5585.02 0.5 2143062.27
4365.16 0.5 2142328.24
4153.99 0.5 2,142,067.6
3217.63 0.5 2137757.03
2976.76 0.5 2135853.35

Total Reservoir Capacity

Figure 3. 6 Sensitivity Analyses on Unit Cost of Dam Construction for Sambor Dam

6000

Vin & Mt Constant

5000

Vin decreasing Mt
constant

4000

Vin decreasing Mt
increasing

3000
2000
1000
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Unit Cost of Dam Construction

Unit Value of Hydropower
Allowing the unit value of hydropower to change from $0.01 to $0.5, the effect of unit
value on reservoir capacity, ratio of annual sediment removed, and total net present value
are shown in table 3.4 and figure 3.6. The baseline case for the unit value of hydropower
is $0.25. As the value increases, the total reservoir capacity increases concavely and the
total net present value increases. When the unit value is low, the cost of constructing and
maintaining a large dam might be higher than the benefit that the stored water can
generate, in which case a smaller dam should be considered. Larger dams contain more
capacity for water storage and water usage; but, the fraction of the sediment removal
amount is not significantly impacted by the changes of the unit value of hydropower,
maximum level of the removed sediment are performed in all variations.
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Table 3. 4 Sensitivity Analyses on Unit Value of Hydropower for Sambor Dam

Vin & Mt Constant
St
2243.23
3404.27
3785.42
4217.12
4516.43

𝜶
0.5
0.5
0.5
0.5
0.5

NPV
88232.97
1336887.77
2228981.67
3567194.90
4459368.62

St
2176.23
3254.29
3585.94
4017.35
4332.82

𝜶
0.5
0.5
0.5
0.5
0.5

NPV
84790.52
1284734.13
2142024.36
3428028.43
4285395.20

Vin decreasing Mt increasing
St
2462.99
3817.18
4180.07
4579.82
4852.28

𝜶
0.5
0.5
0.5
0.5
0.5

NPV
84843.90
1284753.50
2142067.78
3428109.49
4285497.33

Figure 3. 7 Sensitivity Analyses on Unit Value of Hydropower for Sambor Dam
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Discount Factor
To investigate the effect of a discounted rate on the results under each climate scenario,
the interest rate is lowered to 3% and raised to 15%. Since future outcomes have a lower
present value with a higher discount rate (and vice versa), the net present value is
increased when the discount rate is reduced. Meanwhile, the total reservoir capacity and
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the life span of the dam both decline when the discount rate increases in general and the
former tend to merge to a single number to achieve the maximum NPV.

Table 3. 5 Sensitivity Analyses on Discount Factor for Sambor Dam

Vin & Mt Constant

Vin decreasing Mt constant

Vin decreasing Mt increasing

r

St

α

NPV

St

α

NPV

St

α

NPV

3%
5%
7%
10%
15%

5462.16
3752.58
2996.46
2680.25
2370.18

0.5
0.5
0.5
0.5
0.5

3678244.02
2229147.82
1608060.26
1142348.00
780366.19

5095.35
3585.94
2956.12
2625.90
2339.11

0.5
0.5
0.5
0.5
0.5

3436729.67
2142190.26
1563702.72
1120622.62
770721.33

6592.70
3947.50
3145.96
2669.72
2341.82

0.5
0.5
0.5
0.5
0.5

3436078.98
2142055.12
1563676.86
1120620.17
770720.91

Figure 3. 8 Sensitivity Analysis on Discount Factor for Sambor Dam
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12%

14%

16%

In this case study, the base case value of the maximum ratio of sediment removal amount
from HSRS is simulated as 50%. In order to examine the impact of ratio constraint
changes on optimal solutions of reservoir capacity, annual sediment removal amount and
the total net present value, the value is altered to 10%, 30% and 70%. In general, more
percentage of sediment allowed to be removed, smaller reservoir capacity is suggested to
built, and maximum allowed amount with HSRS are recommended to remove in each
variation. Under this circumstance, total net present value is to increase even when the
reservoir capacity is smaller, because the life-span of the dam is extended when 𝛼
increases.

Table 3. 6 Sensitivity Analses on Ratio of Sediment Removal Amount for Sambor Dam

𝜶
0.1
0.3
0.5
0.7

Vin & Mt Constant

Vin decreasing Mt constant

Vin decreasing Mt increasing

St
5738.85
4834.63
3785.42
3181.41

St
5587.96
4601.74
3585.94
3066.60

St
6640.29
5415.01
4180.06
3128.89

α
0.1
0.3
0.5
0.7

NPV
2228636.59
2228839.44
2228981.67
2229015.43

α
0.1
0.3
0.5
0.7

NPV
2141709.09
2141895.48
2142024.36
2142050.20

α
0.1
0.3
0.5
0.7

Figure 3. 9 Sensitivity Analysis on Ratio of Sediment Removal Amount for Sambor Dam
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NPV
2141413.96
2141762.49
2142067.78
2142262.13

Total Reservoir Capacity

7000
6000
5000
Vin & Mt Constant

4000
3000

Vin decreasing Mt
constant

2000

Vin decreasing Mt
increasing

1000
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Ratio of Sediment Removal Amount

3.7 Conclusion
Climate change will remain a major concern in the realms of hydroelectric power
production and irrigation. The increasing pace of the construction of new dams in
developing countries makes this issue more urgent. Improved optimal reservoir capacity
design and more reasonable control of dam sedimentation under climate change must
both be provided to ease the impact, which the future climate will bring.

This chapter has presented an economic model for initial reservoir capacity design and
sediment removal management for single purpose dams. From the results of the
application in the Mekong River basin, the following conclusions can be summarized:

1) The optimal choice of dam capacity is significantly impacted by climate factors,
water availability, and the amount of incoming sediment. For Sambor dam, changes
in the annual mean water inflow and annual incoming sediment alter the optimal
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designed size of the reservoir. In general, more water inflow in the future will require
relatively larger reservoir sizes, and in contrast, smaller reservoir capacities are
required when reduced future water inflows are expected. Considering the impact of
incoming sediment, larger dams result from more sedimentation in the reservoir, and
smaller dams result from less sediment upstream. However, when two factors are
combined together to impact the decision that policy maker determined, the one
varies more dominant the optimal results of the reservoir capacity.

2) The total net present value was affected significantly under climate change
conditions as compared with the baseline cases in which no climate change was
expected. Increasing water inflow brings enough water resources to generate a higher
net benefit, while decreasing water inflow leads to a decrease in net benefit due to
the lack of water resources. More incoming sediment induces a relatively smaller
total net benefit. However, in the case of Sambor dam, the differences were subtle.

3) The total net present value was sensitive to the unit value of hydropower and the
discount factor, but not the unit cost of dam construction and the ratio of sediment
removal amount. Meanwhile, the reservoir capacity was not sensitive to the unit
value of hydropower and ratio of sediment removal amount as compared with the
discount factor and the unit cost of dam construction. Thus, careful consideration and
precise estimates of these parameters are critical for policy advice with regard to the
construction of a new dam and the future sediment management of this dam.
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4) For sediment removal, the optimal solution is to either remove the maximum
percentage allowed or not remove the sediment at all. For Sambor dam, maximum
allowed removal of the incoming sediment using HSRS (the technique considered) is
suggested for each climate scenario. The same nature of result holds when
parameters of the model, such as factor or unit cost of construction are varied. The
present value of the future benefit is priceless, with the assumption that dam is
decommissioned when it is fully silted if early termination is needed.

5) The direction of the results is not easy to generalize when considering both climate
change factors and sediment removal amount. The model presented in this chapter
provides a tool for policy makers to determine optimal solutions when facing this
complex situation.
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CHAPTER 4
OPTIMAL RESERVOIR CAPACITY AND MANAGEMENT UNDER
CLIMATE CHANGE: THE CASE OF MULTIPURPOSE DAMS

4.1 Introduction
Many of the modern reservoirs under operation and those planned for the future are
intended for two or more purposes, which can create additional challenges as well as
opportunities when facing the likely alteration of climate conditions. This chapter extends
the model in chapter 3 to include management between competing purposes in
determining optimal reservoir capacity and control of sedimentation.

According to the International Commission On Large Dams (ICOLD), there are currently
more

than

59,000

large

dams

worldwide

(http://www.icold-

cigb.net/article/GB/world_register/general_synthesis/general-synthesis). A majority of
these existing dams serve predominantly one purpose, such as irrigation, hydropower
generation, non-agricultural water supply, or flood control. Nonetheless, about 30% of
these

large

dams

are

built

to

serve

more

than

one

purpose

(https://wocatpedia.net/wiki/Multi-purpose_dams). Furthermore, the construction of large
multi-purpose dams is increasing rapidly, especially in developing countries (ICOLD).
While it is true that the design and management of multipurpose dams are more complex
exercises, the importance of such dams is also likely to increase with climate change.
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First of all, such dams can provide multiple societal benefits for a single investment.
Second, such dams can improve a community’s ability to address challenges posed by
changing climatic and hydrological conditions. This may also be done at an existing dam,
for example, via periodic adjustment of priority given to flood control relative to other
purposes for which the dam was constructed. With a proposed dam, a relatively small
reservoir size can substitute for the unnecessary expanding of the dam due to climate
change because more water runoff can be used in several ways, such as for irrigation or
the domestic water supply instead of for one single purpose. At the same time, it should
be recognized that changes in temperature and precipitation patterns as well as incoming
sediment flows might have profound effects on the desired capacity of dams that will be
built in the near future.

In this chapter, two types of multi-purpose dams are considered: an irrigation and
hydroelectric dam, and a dam that adds flood control as a third purpose. Besides
hydropower, irrigation has become the main function of large multi-purpose dams
(ICOLD 2019). These water resources are used to assist in the growing of agricultural
crops, the maintenance of landscapes, and the re-vegetation of disturbed soils in dry areas
(International Water Management Institute 2011). Flood control that improves agriculture
and urban welfare, particularly by protecting living populations and property, is another
important function that multi-purpose dams serve. These functions can complement each
other to create a sustainable water system; however, conflicts between water uses may
exist among them as well. Under climate change, the changes in flood frequency and
magnitude are more likely to be experienced in flood control systems, thereby impacting
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reservoir capacity design and management. In order to help policy makers determine the
best original reservoir capacity of a planned multipurpose dam subject to sedimentation
and how to prioritize the functions of an existing or planned dam, two optimal control
models may evolve with climate change.

This chapter starts with a description of a modeling approach for two-purpose dams. A
specific discussion of the empirical solutions and sensitivity analysis from this model as
applied to the Sambor Dam is provided in Section 3. Section 4 presents a model of a
three-purpose dam with a detailed narrative of the flood control benefit function. The
results and sensitivity analyses from this model, as applied to the Jinsha Dam and the
Roseires Dam, are then presented in section 5. Finally, section 6 summarizes the findings
of the chapter and provides concluding remarks.

4.2 Model for a Two-purpose Dam
In this section, provision of hydroelectric and irrigation needs are considered as the two
main functions of a dam. These two purposes yield net benefits that depend on the
remaining storage capacity, which declines over time due to sedimentation (Zeng 2017).
HSRS is still the sediment removal strategy that allows partial removal of the annual
incoming sediment employed in this model. The water yield function and the cost of the
dams are the same as those described in Chapter 3. Two benefit functions: hydropower
benefits and irrigation benefits are taken into account in this model. For these twopurpose dams, a portion of the water used for hydroelectric power is assumed to be also
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used for irrigation. Note that the energy demand for hydropower may be high in the
hot/summer season when crops also mostly need water, supporting co-releases for both
purposes in this season. The aggregate net benefits of the reservoir function are defined
as:

Max 𝑁𝑃𝑉

!! ,!,!

!

=
!!!

𝑃! ∗ 𝑊! 𝑆! , 𝛿! + 𝑃! ∗ 𝛽 ∗ 𝑊! 𝑆! , 𝛿! − 𝑂𝑀𝐶 𝑆!

− 𝑆𝑅𝐶 𝑋!

𝑒 !!" 𝑑𝑡 − 𝐶𝐶 𝑆! + 𝑆𝑉(𝑆! ) ∗ 𝑒 !!"

!"

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: !" = − 1 + 𝜃! 𝑀! + 𝑋!

𝑋! = 𝛼 ∗ 𝑀!

𝑀! = 1 + 𝜃! 𝑀!

0<𝛼<𝛼,0<𝛼<1

where 𝑃! = unit value of water yield for hydroelectric
𝑃! = unit value of water yield for irrigation
𝛽 = irrigation parameter
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𝛽 represents the fraction of the annual reservoir yield which is used for irrigation.
Climate change factors that affect water inflow also impact the water yield function,
which indirectly impacts both hydropower benefits and irrigation benefits.

4.3 Case Study
In Chapter 3, the projected hydroelectric Sambor dam from the Mekong River basin is
discussed. In this chapter, Sambor dam is used as a case study only for illustrative
purposes to compare the results for the optimal reservoir capacity, the optimal amount of
annual removed sediment and the net present value between single purpose and twopurpose dams. The economic, hydrologic, sedimentation and dam engineering data used
for this dam are adopted from Chapter 3, Section 3.7.2.1. Table 3.1 provides the selected
parameters with climate change factors for Sambor dam. The unit value of irrigation
water is taken from Lee and Shah (2011) as $0.20 per unit and applied to Sambor Dam.
According to the International Commission on Large Dams (ICOLD), 50% of the water
resources stored in large dams are used for irrigation purposes in general; hence, the
irrigation parameter 𝛽 is assumed in this illustrative application to be 50%.

4.4 Empirical Results
For comparison purposes, three types of climate scenarios are calculated as in Chapter 3.
Table 4.1 shows the simulation results for Sambor Dam when used for both hydropower
and irrigation purposes.
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Table 4. 1 Simulation Results for three types of climate scenarios for Sambor Dam

Climate change
scenarios

Reservoir
Capacity
(Million m3)

Ratio of Sediment
Removed Amount

Net Present
Value
(Million $)

Life-Span
(y)

3794

-

-

-

4067.70

0.5

3121282.63

245

3835.35

0.5

2999519.26

231

4472.00

0.5

2999422.61

206

Designed
Vin & Mt Constant
(baseline)
Vin Decreasing Mt
Constant
Vin Decreasing Mt
Increasing

With irrigation purpose included, the optimal reservoir capacity computed for each
climate scenario is larger than the estimated optimal reservoir capacity when Sambor
Dam only serves the purpose of hydropower generation. There is a 5% to 7% increase in
the desired reservoir capacity under each climate scenario when 50% of the water yield is
used to generate irrigation benefit as well. As a result, the net present value of the dam is
increased 40% from the case of single purpose dam. Maximum allowed ratio of the
sediment removal amount with HSRS occurs as solution under each climate scenario for
both single and two purposes dam. Life-span of the dam is now extended since optimal
reservoir capacity increases.
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Figure 4. 1 Optimal Time Path of Sediment Removal Amount for Sambor Dam (Twopurpose model)
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4.5 Sensitivity Analysis
In this section, the unit cost of dam construction, the unit value of hydropower, the unit
value of irrigation, the discount factor, and the maximum ratio of sediment removal
amount are all altered under each climate scenario.

Unit Cost of Dam Construction
The unit cost of dam construction is increased from $0.03 to $0.7; the alternative values
that are chosen in this case study are the same as the values for single purpose dam in
chapter 3. Increasing trend of unit cost of dam construction is expected to lead to a
decreasing trend of the reservoir capacity, but the sensitivity is substantial: there is a huge
decrease in the reservoir capacity when unit cost is varied from 0.03 to 0.08 under each
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climate scenario. Sediment removal ratio is restricted to be maximum of 50% when unit
cost is varied to different values. The same pattern of results emerges as in Chapter 3.
However, under each climate scenarios with each alteration in values of unit cost of dam
construction, the reservoir capacity and net present value are higher than the results that
single purpose dam suggested.

Table 4. 2 Sensitivity Analyses on Unit Cost of Dam Construction for Sambor Dam
Vin & Mt Constant
c
0.03
0.08
0.1
0.5
0.7

St
6544.57
4317.10
4067.72
3039.17
2873.45

α
0.5
0.5
0.5
0.5
0.5

Vin decreasing Mt constant

NPV
3122319.00
3121538.01
3121116.73
3117205.08
3115404.71

St
6277.23
4133.44
3851.67
2889.43
2723.78

α
0.5
0.5
0.5
0.5
0.5

NPV
3000509.04
2999762.82
2999519.38
2995637.20
2993920.13

Vin decreasing Mt
increasing
St
NPV
α
6351.76 0.5 3000506.96
4661.19 0.5 2999701.55
4418.84 0.5 2999422.20
3340.46 0.5 2994862.12
3169.25 0.5 2992859.98

Total Reservoir Capacity

Figure 4. 2 Sensitivity Analysis of Standard Deviation of Water Inflow for Sambor Dam
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0.6

0.7
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Unit Value of Hydropower
Tables 4.3 summarize the results when the unit value of hydropower is varied from 0.01
to 0.5. Reservoir capacity and the net present value increase when unit value of
hydropower increases. Larger reservoir capacity and higher net present value emerge as
compared with the results shown in Chapter 3 in which single-purpose dam is studied.
Sediment removal amount is always the maximum allowed under HSRS. There is no
significant change as compared to results when unit value of hydropower changes for the
case of a single purpose dam.
Table 4. 3 Sensitivity Analyses on the Unit Value of Hydropower for Sambor Dam
Vin & Mt Constant
Ph
0.01
0.15
0.25
0.4
0.5

St
3221.92
3752.58
4067.70
4532.44
4896.60

α

0.5
0.5
0.5
0.5
0.5

NPV
980069.25
2228981.93
3121116.73
4459368.65
5351562.32

Vin decreasing Mt
constant
α
St
NPV
3039.11 0.5 941835.61
3618.86 0.5 2142023.91
3868.05 0.5 2999353.51
4340.89 0.5 4285395.23
4746.36 0.5 5142783.31

Vin decreasing Mt
increasing
α
St
NPV
3564.32 0.5 941847.86
4180.07 0.5 2142067.78
4472.00 0.5 2999422.62
4825.00 0.5 4285497.28
5046.46 0.5 5142899.79

Figure 4. 3 Sensitivity Analysis of the Unit Value of Hydropower for Sambor Dam
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Unit Value of Irrigation
In this section, unit value of irrigation is changed from 0.01 to 0.8. As one can expect, the
reservoir capacity increases when unit value of irrigation increases, and more net benefit
will be generated after both reservoir capacity and unit value of irrigation increase. The
corner for sediment removal amount is still not impacted by the variation of unit value of
irrigation. The reservoir capacity and especially the net present value are more sensitive
to changes in the unit value of hydropower than the unit value of irrigation, because the
full amount of the water stored in the reservoir is used for hydropower generation while
only half of it is used for irrigation as well.

Table 4. 4 Sensitivity Analyses on the Unit Value of Irrigation for Sambor Dam

Pi
0.01
0.05
0.2
0.5
0.8

Vin & Mt Constant

Vin decreasing Mt constant

St
3769.16
3786.36
4067.72
4548.57
5094.40

St
3553.22
3635.93
3868.05
4332.57
4935.65

α
0.5
0.5
0.5
0.5
0.5

NPV
2273587.87
2452012.26
3121116.73
4459368.64
5797666.47

α
0.5
0.5
0.5
0.5
0.5
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NPV
2184889.93
2356353.74
2999353.51
4285395.20
5571484.15

Vin decreasing Mt
increasing
St
α
NPV
4206.29 0.5
2184934.76
4259.08 0.5
2356403.63
4472.00 0.5
2999422.62
4825.00 0.5
4285497.28
5186.18 0.5
5571605.83

Figure 4. 4 Sensitivity Analyses on the Unit Value of Irrigation for Sambor Dam
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Discount Factor
As tables 4.5 shows, the net present value decreases when the discount rate increases.
The optimal total reservoir capacity decreases when the discount rate is increased from 3%
to 15%; and maximum sediment removal ration allowed with HSRS is the solution.
Figure 4.4 also shows the curves of the total reservoir capacity under different climate
scenarios when the discount factor changes.
Table 4. 5 Sensitivity Analyses on the Discount Factor for Sambor Dam
Vin & Mt Constant
r
3%
5%
10%
15%

St
5694.78
4051.38
3133.60
2782.44

α
0.5
0.5
0.5
0.5

NPV
5150546.13
3121282.63
1599524.89
1092689.00

Vin increasing Mt
constant
St
α
NPV
4507.645 0.5 4811822.10
3868.05 0.5 2999353.51
3070.85 0.5 1569104.52
2746.37 0.5 1079183.90

63

Vin increasing Mt
increasing
St
α
NPV
6900.28 0.5 4811701.93
4472.00 0.5 2999422.62
3078.52 0.5 1569103.06
2748.85 0.5 1079183.50

Figure 4. 5 Sensitivity Analysis of the Discount Factor for Sambor Dam
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Maximum Ratio of Sediment Removal
The maximum ratio of sediment removal is altered from 10% to 70% compared with the
results of the base case value 50%. The reservoir capacity increases when the maximum
ratio of sediment removal declines. Solution to the sediment removal ratio is at allowed 𝛼
under each climate scenario. Net present value increases slightly when 𝛼 increases.

Table 4. 6 Sensitivity Analyses on Ratio of Sediment Removal Amount for Sambor Dam

𝜶
0.1
0.3
0.5
0.7

Vin & Mt Constant

Vin increasing Mt constant

St
6156.05
5090.14
4067.72
3752.42

St
5886.35
4857.12
3868.05
3632.06

α
0.1
0.3
0.5
0.7

NPV
3120834.60
3121013.26
3121116.73
3121126.68

α
0.1
0.3
0.5
0.7
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NPV
2999098.25
2999262.53
2999353.51
2999359.67

Vin increasing Mt
increasing
St
NPV
α
6915.66 0.1 2998805.53
5704.82 0.3 2999143.86
4472.00 0.5 2999422.62
3525.79 0.7 2999572.30

Figure 4. 6 Sensitivity Analyses on Ratio of Sediment Removal for Sambor Dam
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4.6 Model for Three-purpose Dam
In this model, irrigation, power generation, and flood control are the three services that
the dam provides. The overall goal of the model is to maximize the lifetime net present
value of the multi-purpose dam. Initial reservoir capacity declines over time at the rate of
sedimentation. Hydropower benefit and irrigation benefit functions in this model are
taken from section 4.2. The value difference between expected damages when there is no
dam and when the dam exists is postulated as the flood control benefit. We assume the
total reservoir capacity is available for flood control, while some fraction of the capacity
is simultaneously also providing hydropower and irrigation benefits. The model is used to
determine optimal initial dam capacity while allowing for annual incoming sediment as
well as water inflow to be impacted by climate change.
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4.6.1 Flood Control Benefits:
Flood control benefits are defined as the reduction in economic loss from flood damage
because of the reservoir’s existence. The flood damage without dam, 𝐷, is assumed to be
positively related to the annual mean water inflow, 𝑉!" . Considering the climate change
situation, flood damage without the dam, 𝐷, is also related to 𝛿! . In some cases, flood
damage can destroy an entire community downstream, and the value of the damage
represents an economic loss for the whole community. This is known as the maximum
level of flood damage, 𝐷. In other cases, only part of the downstream community’s
economic assets are destroyed from flooding. For the sake of simplification, we focus on
those cases in which the total water inflow is always less than the total water volume that
can destroy the whole community downstream. Therefore, 𝐷 as applied to the following
formulas is less or equal to 𝐷 as described above (the flood damage that resultsfrom
destroying the whole community downstream). Meanwhile, when the annual mean water
inflow 𝑉!" is less than or equal to a certain level, there is no damage threatened to the
downstream community at all, and the flood control benefit equals zero. Non-economic
social damage is hard to measure in monetary terms, so for the purposes of this study,
only economic damage (to properties, crops, services, etc) is. Figure 4.9 below shows the
relationship between reservoir capacity and flood damage.
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Figure 4. 7 Relationships between Reservoir Capacity and Flood Damage

Flood Damage (D)
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𝐷
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0

𝑆!

Figure 4. 8 Relationships between Reservoir Capacity and Flood Control Benefit

Flood control Benefit ($)
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!!!!
𝐹𝐵
(= 𝐷! )

0

𝑆̅

𝑆!

When the maximum level of flood control benefit equals the absolute value of the
economic damage without the dam, the flood control benefit at storage level, 𝑆! , equals:
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Annual flood damage without dam – Annual flood damage with dam at storage level, 𝑆! .

Thus, the flood control benefit is a function of the reservoir storage level, 𝑆! , , when all
other physical characteristics remain constant. When reservoir capacity increases, the
flood control benefits will increase as well. The flood control benefit is represented as:

𝐹𝐵 𝑆! = 𝛾[𝑆! ]!/!

where 𝐹𝐵 = flood control benefit
𝛾 = benefit coefficient

𝛾 is a benefit coefficient that depends on the land use, depth-damage function, and
distribution of peak flow for each flood plain.

4.6.2 The Social Planner’s Problem
Based on the discussion of the components of the net benefit function, the social
planner’s problem can now be formulated. We seek to determine total reservoir capacity
by maximizing the lifetime net present value of the multi-purpose dam. The
maximization problem for the social planner can be written as:
!

Max 𝑁𝑃𝑉 =

!! ,!,!

!!!

𝑃! ∗ 𝑊!" 𝑆!" , 𝛿! + 𝑃! ∗ 𝛽 ∗ 𝑊!" 𝑆!" , 𝛿! + 𝐹𝐵 𝑆! − 𝑂𝑀𝐶 𝑆!

− 𝑆𝑅𝐶 𝑋!

𝑒 !!" 𝑑𝑡 − 𝐶𝐶 𝑆! + 𝑆𝑉(𝑆! ) ∗ 𝑒 !!"

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

!!!
!"

= − 1 + 𝜃! 𝑀! + 𝑋!
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𝑋! = 𝛼 ∗ 𝑀!
𝑀! = 1 + 𝜃! 𝑀!
0<𝛼<𝛼,0<𝛼<1
𝐹𝐵 ≤ 𝐹𝐵
𝐹𝐵 = 𝐷! (𝑉!" , 𝛿! ) ≤ 𝐷
𝐹𝐵 = 0, when 𝑉𝑖𝑛 ≤ 𝑉𝑖𝑛!"#
𝑆!" = 𝐾 ∗ 𝑆!

where 𝑊!" = water yield for hydropower and irrigation purposes
𝑆!" = remaining reservoir capacity for hydropower and
irrigation at year t
𝐹𝐵 = maximum flood control benefit
𝐷! = flood damage without dam
𝐷 = flood damage resulting from destroying the whole
community downstream
𝑉𝑖𝑛!"# = annual mean water inflow level resulting in no
damage to the downstream community
𝐾 = fraction of the total reservoir storage used for
hydropower and irrigation purposes

The initial total reservoir capacity, 𝑆! , and the ratio of annual sediment removal, α are to
be chosen. The entire reservoir capacity is assumed to be available for the purpose of
flood control, while 𝐾 is the fraction of total reservoir storage used for hydroelectric and
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irrigation purposes, such that 0 < 𝐾 < 1. It is assumed that 𝐾 and 𝛾, the flood control
benefit co-efficient, have a negative relationship. In other words, if 𝛾 increases, the
importance of flood control should increase, causing 𝐾 to decrease. As this relationship is
likely to be case specific, ideally it should be estimated for individual dams, but for
illustrative purposes we use a hypothetical form that is the same across dams.

4.7 Case Studies
The conceptual framework above is illustrated using two case studies: the Jinsha Dam
and the Roseires Dam. Both dams are multi-purpose dams used for hydropower
generation, irrigation, and flood control. The following sections will discuss each case
study separately.

4.7.1 Jinsha Dam
Jinsha Dam is currently under construction, and developers plan to begin operation in
2020. It is located in the middle of the Jinsha River cascade of dams in southwest China,
11 km from the city of Panzhihua in Sichuan Province. The functions of this dam include
hydropower generation, irrigation, flood control, and tourism. In this location, mean
annual sub-basin precipitation has fallen generally and is linked with decreasing trends in
mean annual water inflow and incoming sediment, which is subject to substantial
variation caused by climatic factors.

Figure 4. 9 Location of the Jinsha Dam in Southwestern China
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Source: Niu, C., et al. 2014

4.7.1.1 Data
The price of hydropower generated by the Jinsha Dam is available from the Department
of Energy in China. The unit cost of dam construction is collected from the Heng Duan
Shan Society’s online database. Hydrology and sedimentation characteristics data include
mean annual water inflow, the standard deviation of incoming flows, the standard normal
variation of 𝑝%, an adjustment factor of gamma distribution, and the mean annual
sediment inflow. Some of the data needed such as mean annual water inflow and mean
annual sediment inflow, in addition to engineering data such as reservoir capacity, dam
types, and local water releasing capacity, are provided in government’s published 2003
Review of the Achievements of Hydropower Resources of the People’s Republic of
China. But data for other parameters such as the standard deviation of incoming flows
and the adjustment factor of gamma distribution will be illustrative and subject to
sensitivity analysis. Climate change projections such as the change in percentage of each
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period’s mean annual water inflow and the change in percentage of each period’s
incoming sediment are provided in Cheng (2017), who uses the Intergovernmental Panel
on Climate Change (IPCC) model. Table 4.8 summarizes the selected economic and
hydrologic data for the Jinsha Dam.

Table 4. 7 Selected Economic and Hydrologic Parameters for the Jinsha Dam
Description

Notation

Value

Unit

Price of hydropower

𝑃!

0.3

$

Unit cost of dam construction

𝑐

10.35

$

Mean annual water inflow

𝑉!"

58972.32 Million 𝑚!

Benefit coefficient for flood control

𝛾

1.3

-

Price of irrigation water

𝑃!

0.03

$

Maintenance and operation coefficient

𝑜𝑚𝑐

0.1

-

Annual incoming sediment

𝑀

0.56

Million mt

Discount factor

𝑟

5

%

Climate change adjustment factor for water inflow

𝛿!

-2

%

Climate change adjustment factor for incoming

𝜃!

-5

%

sediment

One of the key data limitations is lack of historical flood records and associated damage
for the Jinsha dam. Therefore, the maximum flood control benefit is computed with an
arbitrary function, 𝐹𝐵 = 0.001 ∗ 𝑉!" − 5, where 𝐹𝐵 = 0, 𝑉!" = 5000, implying that if
the mean annual water inflow is less than or equal to 5000 million, 𝑚! , there is no flood
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control benefit since there would be no damage to downstream communities at this low
level of water inflow.

Another function posited hypothetically for the Jinsha dam is the one used to allocate
storage for hydroelectric and irrigation purposes. Recall that 𝐾 and 𝛾 are assumed to have
a negative relationship. This functional relationship for the Jinsha dam is specified as
𝐾 = 𝛾 !!.! .

4.7.1.2 Empirical Results
Two scenarios associated with climate change are assumed with the baseline climate
condition. The climate-induced, water-inflow changes are decreasing in this area, and
incoming sediment has either remained at a consistent amount or decreased annually. In
this application, 30 years changes of water inflow are performed with 10 years of
incoming sediment amount declines. The optimal solution of the reservoir capacity under
baseline climate conditions is 174.79 million m3. This solution involves removal of
annual incoming sediment at maximum allowed amount with HSRS. The net present
value under baseline climate conditions is the highest among the three climate situations.
Due to the reduction of the water inflow, both the water supply and flood control
purposes are valued less compared with the increasing incoming water supply. This
climate condition also reduces the dam’s life span. When the amount of water inflow is
reduced and the incoming sediment keeps constant, full amount of the sediment removal
allowed with HSRS occurs, but the reservoir capacity is the smallest one among all the
results. On the other hand, no sediment removal is necessary under the condition of both
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the incoming sediment and the water inflow decreases in certain years. This result
explains the need for a somewhat larger initial reservoir capacity, and yet, a shorter
lifespan as compared to the climate scenario in which water inflow is decreasing but there
is no change in incoming sediment.

Table 4. 8 Simulation Results for four types of climate scenarios for Jinsha Dam

Climate change
scenarios
Designed
Vin & Mt Constant
(baseline)
Vin Decreasing Mt
Constant
Vin Decreasing Mt
Decreasing

Reservoir
Capacity
(Million m3)

Ratio of Sediment
Removed Amount

Net Present
Value
(Million $)

Life-Span
(y)

108

-

-

-

174.79

0.5

370515.70

621

126.62

0.5

257967.67

452

127.73

0

257935.68

450

Figure 4. 10 Optimal Time Path of Sediment Removal Amount for Sambor Dam
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4.7.1.3 Sensitivity Analysis
Sensitivity analysis of the benefit coefficient for flood control, the unit value of
hydropower, the unit value of irrigation and the discount factor have been performed, and
the results are provided below.

Benefit Coefficient for Flood Control, Price of Hydropower, Price of Irrigation
Downstream land uses or land cover is some of the factors that impact land value and
increases or decreases in land value will increase or decrease the benefit coefficient for
flood control. In this chapter, the base value of the benefit coefficient for flood control is
1.3. For performing sensitivity analysis, it is varied from 1 to 3. Since changes in land
value directly impact the benefit coefficient, changes in the reservoir capacity occur in
the same direction as when the unit prices of the water yield in hydropower and irrigation
change. As table 4.11 shows, when the benefit coefficient for flood control increases, the
size of the reservoir capacity also increases, and the results are consistent with that of
changes in PH and Pi (Table 4.12 and Table 4.13). However, the reservoir capacity is
more sensitive when the price of hydropower changes.

Table 4. 9 Sensitivity Analyses on Benefit Coefficient for Flood Control for Jinsha Dam
Vin & Mt
Constant

Vin decreasing
Mt constant

Vin decreasing
Mt decreasing

𝜸

St

α

St

α

St

α

1
1.3
1.5
2
3

163.69
174.79
181.23
195.11
217.15

0.5
0.5
0.5
0.5
0.5

118.45
126.62
131.37
140.61
155.07

0.5
0.5
0.5
0.5
0.5

119.56
127.73
132.48
141.72
156.18

0
0
0
0
0
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Table 4. 10 Sensitivity Analyses on Unit Value of Hydropower for Jinsha Dam
Vin & Mt
Constant
PH
0.01
0.04
0.3
0.5
1

St
53.78
76.16
174.79
222.11
309.78

α

0.5
0.5
0.5
0.5
0.5

Vin decreasing
Mt constant

Vin decreasing
Mt decreasing

St
39.48
54.96
126.62
161.16
225.17

St
40.61
56.16
127.73
162.27
226.30

α

0.5
0.5
0.5
0.5
0.5

α

0
0
0
0
0

Table 4. 11 Sensitivity Analyses on Unit Value of Irrigation for Jinsha Dam
Vin & Mt
Constant

Vin decreasing
Mt constant

Vin decreasing
Mt decreasing

Pi

St

α

St

α

St

α

0.01
0.03
0.1
0.5
1

172.07
174.79
183.98
229.36
275.59

0.5
0.5
0.5
0.5
0.5

124.64
126.62
133.33
166.46
200.21

0.5
0.5
0.5
0.5
0.5

125.75
127.73
134.43
167.56
201.30

0
0
0
0
0
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Figure 4. 11 Sensitivity Analyses on Benefit Coefficient for Flood Control for Jinsha
Dam
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Figure 4. 12 Sensitivity Analyses on Unit Value of hydropower for Jinsha Dam
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Figure 4. 13 Sensitivity Analyses on Unit Value of Irrigation for Jinsha Dam
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Discount Factor
The discount factor varies is from 3% to 15% relative to the base line value of 5%. The
results of the optimal reservoir capacity for the baseline case of the climate scenario are
consistent with the results shown in the previous chapter. Higher discount values induce a
smaller reservoir capacity and shorter the life span of each dam. However, the other two
climate scenarios show different traits when discount factor is altered. The reservoir
capacity appears to rise at first a point when discount factor has risen to 7%, and then it
decreases as the discount factor reaches 15%, though the differences between the
reservoir capacities for each scenario are fairly small. The benefit of the reservoir
declines each year but the sediment removal ratio keeps to its maximum allowed value.
As the results show for Jinsha dam, a relatively small dam is considered optimal when
Vin is decreasing.
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Table 4. 12 Sensitivity Analyses on Discount Factor for Jinsha Dam
Vin & Mt
Constant

Vin decreasing
Mt constant

Vin decreasing
Mt decreasing

r

St

α

St

α

St

α

3%
5%
7%
10%
15%

191.70
174.79
162.88
149.52
133.81

0.5
0.5
0.5
0.5
0.5

123.79
126.62
126.91
124.61
118.43

0.5
0.5
0.5
0.5
0.5

125.02
127.73
127.94
125.54
119.23

0
0
0
0
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Figure 4. 14 Sensitivity Analyses on Discount Factor for Jinsha Dam
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4.7.2 Roseires Dam
Roseires dam can be found on the Blue Nile, the major tributary of the Nile River. It is
located at Ad Damazin, upstream of the town of Er Roseires in Sudan. The dam was
originally completed in 1966 for irrigation purposes. In 1971, a power generation
function was added to the dam with a maximum capacity of 280 megawatts. Then, in
2013, the dam was expanded to increase the storage capacity to 7,400 million m3.
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Therefore, it has ability to provide water storage for irrigation, control flooding, and
generate hydroelectricity. The area has a tropical savanna climate, and average climate
change estimates for this area suggest it may experience an average increase in
precipitation (Nawaz 2010).

Figure 4. 15 Location of Roseires Dam

Source: M.T. Taye et al. 2015
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Figure 4. 16 Roseires Dam in 2013

Source: http://alloysteel.net/wp-content/uploads/2014/11/RoseiresDam.pdf

4.7.2.1 Data
The unit value of hydropower and irrigation prices are collected from Satti et al. (2014).
The per-unit cost of dam construction was reported in the Arab Fund for Economic and
Social Development (AFESD). The mean annual water inflow for Roseires dam has been
indicated in Muala et al. (2014), while the annual incoming sediment is provided by
Bashar and Khalifa (2009). 33 General Circulation Models (GCM) and the Vensim
model for dynamic interplay between climate change and stream flow for the Nile River
and the tributary river basin in Keith et al. (2014) are used to perform estimations of the
percentage change in stream flow from 2010 to 2099. These estimates are divided into
three time periods: early century, mid century, and late century. The percentage for each
period in Blue Nile river basin from 33 GCM models is expected to increase on average
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by 0.19% each year. The changes in the percentage of incoming sediment under climate
change are still difficult to predict, therefore, to estimate results under the influence of the
changes in sediment amount, 0.2% is assumed for annual variation. We test both sides of
the potential influence using increasing terms and a decreasing trend.

Table 4.9 summarizes the selected economic, hydrologic, and reservoir geometry
parameters for the Roseires dam. Even though a high percentage of this data is from
published sources, it is far from uniform and potentially unreliable. Therefore, our
empirical exercises are best viewed as illustrative.

Table 4. 13 Selected Economic and Hydrologic Parameters for Roseires Dam
Description

Notation

Value

Unit

Price of hydropower

𝑃!

0.04

$

Unit cost of dam construction

𝑐

0.2

$

Mean annual water inflow

𝑉!"

49000

Million 𝑚!

Benefit coefficient for flood control

𝛾

1.3

-

Price of irrigation water

𝑃!

0.05

$

0.1

-

Maintenance and operation coefficient 𝑜𝑚𝑐
Annual incoming sediment

𝑀

35.045

Million 𝑚!

Discount factor

𝑟

5

%

0.19

%

Climate change adjustment factor for 𝛿!
water inflow
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Climate change adjustment factor for 𝜃!

0.2, -0.2

%

incoming sediment

For the Roseires Dam, the maximum flood control benefit is taken to be 𝐹𝐵 = 0.01 ∗
𝑉!" − 10, with 10000 million 𝑚! as the magnitude of annual mean water inflow to be
exceeded for flood control benefits to occur. The same functional relationship between
the storage allocation of water for hydroelectric and irrigation purposes is specified in
section 4.7.1.1.

4.7.2.2 Empirical Results
In this application, three potential climate change scenarios are assumed with a constant
climate condition. The stream flow in this area is on an increasing trend according to the
predictions under the GCM and Vensim models. But, because of the limitations in data
sources, incoming sediment is simulated in three types: constant, increasing annually, or
decreasing annually until a steady state point achieves at year 100. Given the volume of
the water and incoming sediment that constantly flow into the reservoir, the suggested
optimal solution for reservoir capacity is 2528.91 million m3. Compared with the
enlarged reservoir capacity from 2013, which is 7400 million m3, this model suggests a
smaller capacity more close to the original size (3000 million m3). Meanwhile, this model
also suggests maximum allowed amount with HSRS under each climate scenario. In
which case would eliminate the sediment problem that sacrifices the reservoir capacity
that prevents hydropower generation and affect the flood control functioning. In other
words, there would be no need to construct such a large dam in the beginning and rebuilt
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the dam to enlarge the reservoir capacity even considering of the climate change
condition. The net present value generated by the dam under baseline climate condition is
64608.58 million dollars; the climate change brings Roseires dam more monetary benefit
especially when more water resource is available and less sedimentation problem
happens. However, there is no significant impact on the net present value when incoming
sediment changes annually with 0.2% variation. Optimal reservoir capacity is the largest
among the four climate scenarios when both the volume of water and the incoming
sediment are increasing.

Table 4. 14 Simulation Results for four types of climate scenarios for Roseires Dam

Climate change
scenarios
Designed
Vin & Mt Constant
(baseline)
Vin Increasing Mt
Constant
Vin Increasing Mt
Increasing
Vin Increasing Mt
decreasing

Reservoir
Capacity
(Million m3)

Ratio of Sediment
Removal Amount

Net Present
Value
(Million $)

Life-Span
(y)

7400
（3000）
2528.91

-

-

-

0.5

64608.59

144

2616.48

0.5

66980.38

149

2779.56

0.5

66909.43

139

2437.98

0.5

67033.40

161

Figure 4. 17 Optimal Time Path of Sediment Removal Amount for Roseires Dam
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4.7.2.3 Sensitivity Analysis
In this section, the benefit coefficient for flood control, the unit value of hydropower, the
unit value of irrigation and the discount factor are varied to perform sensitivity analysis in
the model for Roseires dam, and the results are show below.

Benefit Coefficient for Flood Control, Unit Value of Hydropower, Unit Value of
Irrigation

The patterns of change in the reservoir capacity under variation of each of the three
parameters are consistent with the patterns of change in the reservoir capacity for Jinsha
dam. The benefit coefficient of flood control and the unit value of hydropower and
irrigation cause a change in the same direction for reservoir capacity. One consequence
related to the reservoir capacity that needs to be pointed out is under the baseline case
climate scenario and the climate scenario that water inflow increases and incoming
sediment decreases in 100 year. For each parameter, the reservoir capacity is smaller
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under the last climate scenario than the one under baseline climate scenario, however,
when benefit coefficient for flood control is higher than 3, the unit value of hydropower
reaches to 0.5 and the unit value of irrigation is exceed to 0.5, the reservoir capacity
under the climate scenario that water inflow increases and incoming sediment decreases
is exceeded to the one under baseline climate scenario. Thus when the unit value of water
resource achieves a certain value or higher enough, the model will suggest a larger
reservoir capacity to gain more benefit under the climate situation that water inflow is
increasing annually. In this case, the increasing pattern of water inflow dominates the
decision, which model will choose for the reservoir capacity instead of the annual
decreasing amount of the incoming sediment.
Table 4. 15 Sensitivity Analyses on Benefit Coefficient for Flood Control for Roseires
Dam
Vin & Mt
Constant
𝜸
1
1.3
1.5
2
3

St
2406.21
2528.91
2616.91
2898.59
3919.08

α

0.5
0.5
0.5
0.5
0.5

Vin increasing
Mt constant

Vin increasing
Mt increasing

Vin increasing
Mt decreasing

St
2493.70
2616.478
2704.62
3001.75
3999.57

St
2667.16
2779.56
2869.80
3164.98
4107.14

St
2298.85
2437.99
2536.06
2857.22
3950.48

α

0.5
0.5
0.5
0.5
0.5

α

0.5
0.5
0.5
0.5
0.5

α

0.5
0.5
0.5
0.5
0.5

Table 4. 16 Sensitivity Analyses on Unit Value of Hydropower for Roseires Dam
Vin & Mt
Constant
PH
0.01
0.04
0.1

St
2265.36
2528.92
2896.15

α

0.5
0.5
0.5

Vin increasing
Mt constant

Vin increasing
Mt increasing

Vin increasing
Mt decreasing

St
2335.63
2616.48
2984.79

St
2468.90
2779.56
3187.95

St
2184.81
2425.37
2790.38

α

0.5
0.5
0.5
86

α

0.5
0.5
0.5

α

0.5
0.5
0.5

0.5
1

4315.95
5616.79

0.5
0.5

4474.31
5824.06

0.5
0.5

4630.12
5850.90

0.5
0.5

4416.30
5797.57

0.5
0.5

Table 4. 17 Sensitivity Analyses on Unit Value of Irrigation for Jinsha Dam
Vin & Mt
Constant
Pi
0.01
0.05
0.1
0.5
1

St
2354.02
2528.91
2703.62
3546.23
4333.90

α

0.5
0.5
0.5
0.5
0.5

Vin increasing
Mt constant

Vin increasing
Mt increasing

Vin increasing
Mt decreasing

St
2424.81
2616.48
2791.60
3684.95
4494.77

St
2579.64
2779.55
2981.78
3893.53
4657.68

St
2605.94
2437.97
2605.94
3557.62
4464.66

α

0.5
0.5
0.5
0.5
0.5

α

0.5
0.5
0.5
0.5
0.5

Figure 4. 18 Sensitivity Analyses on Benefit Coefficient for Flood Control for Jinsha
Dam
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Figure 4. 19 Sensitivity Analyses on Unit Value of Hydropower for Roseires Dam
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Figure 4. 20 Sensitivity Analyses on Unit Value of Irrigation for Roseires Dam
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Discount Factor
The base case value of the discount factor is 5%. Table 4.14 summarizes the reservoir
capacity and the sediment removal amount of each climate scenario under each discount
factor. As figure 4.21 shows, lower discount factor induces a higher reservoir capacity
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and vice versa, but the differences of the sizes of the reservoir capacity gradually narrow
down under each climate scenario.
Table 4. 18 Sensitivity Analyses on Discount Factor for Roseires Dam
Vin & Mt
Constant
r
3%
5%
7%
10%
15%

St
3805.79
2528.92
1986.26
1582.40
1263.67

α

0.5
0.5
0.5
0.5
0.5

Vin increasing
Mt constant

Vin increasing
Mt increasing

Vin increasing
Mt decreasing

St
3896.65
2616.48
2038.65
1602.89
1273.04

St
4309.56
2779.55
2123.70
1642.65
1282.04

St
3412.97
2437.97
1948.03
1571.44
1266.98

α

0.5
0.5
0.5
0.5
0.5

α

0.5
0.5
0.5
0.5
0.5

α

0.5
0.5
0.5
0.5
0.5

Figure 4. 21 Sensitivity Analyses on Discount Factor for Roseires Dam
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4.8 Conclusion
Multi-purpose dams combining two or more functions can help meet a number of
development goals simultaneously. Additional adjustments among the different purposes
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may be considered while constructing these large dams or throughout their functioning
lifetimes. Also, climate change factors will impact water resources as well as incoming
sediment, which will require adjustment between each dam’s several purposes. Therefore,
it is important to take cross-sectorial coordination with climate change adaptation into
account during dam design and operation.

Two economics models for determining the optimal reservoir capacity of a multi-purpose
dam in the context of reservoir sedimentation and its management are presented in this
chapter. The two models respectively consider two-purpose and three-purpose dams. The
models are applied to three dams: Sambor dam, Roserires dam and Jinsha dam. The
results of the three illustrative exercises are concluded as follows:

1) Climate factors significantly impact the optimal choices for multi-purpose dam
capacity as well as single-purpose dam capacity. Designed reservoir capacities are
generally larger when the functions of a dam and potential benefits from them
increase.

2) Net present value of a dam is obviously impacted by the changes in water resources
due to climate factors, but variation in incoming sediment under different climate
scenarios affects the total net present value as well.

3) Roseires dam was originally constructed with a 3000 million m3 reservoir capacity in
1966 and increased to 7400 million m3 in 2013 because of severe blockages due to
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sediment, which prevented hydropower generation during the flood season. Our
model suggests a different type of solution to this problem, which entails building a
relatively smaller dam and operating it for longer by using sediment removal strategy
of HSRS in order to save the construction and operational costs required to build and
sustain a larger dam.
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CHAPTER 5
OPTIMAL RESERVOIR DESIGN AND SYSTEM MANAGEMENT
WITH CASCADING DAMS UNDER CLIMATE CHANGE

5.1 Introduction
In many places, dams are located in a series along a river; the upstream dam construction
significantly regulates the water and sediment flow regimes for downstream dams. Some
of the dams may be connected closely in a cascade, so that the tail water of one dam
flows directly as the headwater of the next dam, thereby creating a linked step reservoir.
Upstream dams present positive or negative externalities for downstream dams. If the
cascading dams are not managed as a system, upstream dams store and control the
incoming water that downstream dams would use to generate power, and to supply water
for irrigation and domestic use, in which case the downstream dam can be impacted more
negatively than desired. In such cases, the advantages of considering the system
management of all dams in a cascade entail greater overall net benefits from efficient
utilization of water resources, and potential sharing of these gains across the participating
regions. There is now a substantial engineering literature on such dams. For example, it
has been shown that, in the context of a cascade of hydropower plants, the operation and
management of the entire system can be optimized by distributing water in accordance
with a series of technical conditions and rules (Stojanović et al. 2009). With the flood
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control dimension added, such a cascade can better mitigate flood risk by adjusting the
quantity of storage water for each reservoir in the system simultaneously under
conditions of climate change (Zhai et al. 2017).

Several dam cascades located in world’s major river systems, such as the BelmekenChaira-Sestrimo Cascade in Bulgaria, the first development phase of the Lancang River’s
seven dam cascade in China, and the Mahaweli river cascade in Sri Lanka (Kawashima,
2004). All of these are cascading hydropower dams that synergically provide abundant
electricity throughout their regions. In addition to the impacts on stream flow, any
sediment that is maintained or released from upstream may have a positive or negative
effect because it impacts sediment transport to downstream reservoirs (Isik et al. 2008;
Shafie et al. 2008). In a coordinated case, dams in a system can adjust the sediment load
through different sediment management alternatives. Upstream dams restrain sediment
from moving to downstream dams, and they provide an optimal and systematic way to
solve the sedimentation problem. However, sediment released from an upstream dam is
likely to increase the sedimentation problem for downstream dams. Therefore,
determining the capacity of cascading dams and the impact of incoming sediment from
upstream dams to downstream reservoir can be important.

This problem has yet to be

addressed in the literature.

Changing climate conditions present an additional complication that should be tackled
simultaneously with determination of optimal reservoir capacity. Such changes have
significant impact on streamflow, flood frequency, and sediment transport for an entire
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river basin, which challenges the scheduling of cascade hydropower stations (Majone et
al. 2016; Vezzoli et al. 2015). For example, climate change impacts streamflow in the
Jinsha River (Zhai et al. 2017) and sediment discharge and runoff in the Wujiang River in
China, which is one of the main tributaries of the Yangtze River (Wu et al, 2018). In this
chapter, effects of climate change are considered for an entire system of cascading dams
while determining optimal reservoir capacity and extent of sediment removal for each
dam in a system using an optimal control model. Non-coordinated and coordinated cases
are simulated and compared for their policy implications.

The organization of this chapter is as follows. A detailed description of the model and
methodology for coordinated and non-coordinated cases are presented in section 5.2.
Section 5.3 applies the model to two dams of a five-dam cascade in the upper Lower
Mekong Basin in Laos; the estimates with comparable cases and a sensitivity analysis are
interpreted. Concluding remarks about the comparative results are offered, and some
pointed policy suggestions are discussed in the final section.

5.2 Model and Methodology
As in Chapter 3, climate change is modeled to impact mean annual water inflow and
mean annual incoming sediment, but now for a series of dams in a cascade. The
assumptions regarding reservoir capacity, water storage, and climate change factors are
the same as in the previous chapter. Following Kawashima and Shah (2002), the ultimate
objective of reservoir construction and management for cascading dams is to maximize
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aggregate net present value from the system of dams while accounting for the impacts
they have on each other. This is a complex problem that we address illustratively in a
simplified setting.

Our cascade comprises only two single purpose dams used for

generating electricity. The Hydrosuction Sediment Removal System (HSRS) is used as
the sediment removal strategy for both dams, and the removed sediment is discharged
directly into the river downstream of the dam. As before, partial removal from HSRS is
assumed. For each dam, the hydropower benefit, construction cost, annual operation,
maintenance cost, annual sediment removal cost, and salvage value are the same as
described in chapter 3. The modified water yield function (Morris and Fan 1998; Lee and
Shah 2009) with climate change factor for each dam is as follows:

For the upstream dam,

!

𝑊!! 𝑆!! , 𝛿! =

4 ∙ 𝑆!! ∙ (1 + 𝛿! ) ∙ 𝑉!"! − 𝑍𝑝𝑟 ! ∙ 1 + 𝛿! ! 𝑠𝑑! + 4 ∙ 𝐺𝑑 ∙ 1 + 𝛿! ! 𝑠𝑑!
!"

4 ∙ (𝑆!! + !

!"!

∙ (1 + 𝛿! ) ∙ 𝑠𝑑! ! )

where 𝑊!! = reservoir yield at year t for upstream dam
𝑆!! = remaining reservoir capacity at year t for upstream dam
𝑉!"! = mean annual water inflow for base year for upstream dam
𝑠𝑑! = standard deviation of incoming flows for upstream dam

For the downstream dam,
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!

!

𝑊!! 𝑆!! , 𝛿! =

4 ∙ 𝑆!! ∙ (1 + 𝛿! ) ∙ 𝑉!"! − 𝑍𝑝𝑟 ! ∙ 1 + 𝛿! ! 𝑠𝑑! + 4 ∙ 𝐺𝑑 ∙ 1 + 𝛿! ! 𝑠𝑑!
!"

4 ∙ (𝑆!! + !

!"!

!

∙ (1 + 𝛿! ) ∙ 𝑠𝑑! ! )

where 𝑊!! = reservoir yield at year t for downstream dam
𝑆!! = remaining reservoir capacity at year t for downstream dam
𝑉!"! = mean annual water inflow for base year for downstream dam
𝑠𝑑! = standard deviation of incoming flows for downstream dam

In principle, dams in a cascade can be managed as a whole to generate maximum power
generation; however, cascading dams across the broader of different countries are usually
operated independently even though they are located in a series along the river basin.
Gains from cooperation can be computed by comparing the social net benefit of these two
situations: the coordinated case and the non-coordinated case.

5.2.1 Coordinated Case
Under the coordinated case, hydroelectric dams located in a series along a river can be
considered as a whole to optimize their management for all hydroelectric dams in a
cascade simultaneously. In this study, the total net present value of upstream and
downstream dams will be maximized by the sum of each dam’s benefit from hydropower
minus their costs; the social planner chooses to determine the reservoir capacities and
amounts of sediment removal for both dams simultaneously. If we assume that a dam is
decommissioned after it is silted, we can allow for different decommissioning times by
developing a multi-phased model in which two possibilities are considered:
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1) The upstream dam is silted first
Two time periods are to be determined in this model. In the first time period, from year 0
to 𝑇! , both dams are operated until the upstream dam is silted and decommissioned; then,
from year 𝑇! until 𝑇! , only the downstream dam is utilized to generate power with the
water that flows from upstream. The social planner seeks to maximize the net present
value of the system of dams by choosing the reservoir capacities and the amounts of
sediment removed at each instant from each dam. The objective function and set of
constraints for this case are stated as follows:

Max

!!" ,!!" ,
!! ,!! ,!! ,!!

=

!!
!!!

+

𝑁𝑃𝑉

𝑃!! ∗ 𝑊!! 𝑆!! , 𝛿! + 𝑃!! ∗ 𝑊!! 𝑆!! , 𝛿!
−𝑂𝑀𝐶! 𝑆!" − 𝑂𝑀𝐶! 𝑆!" − 𝑆𝑅𝐶! 𝑋!! − 𝑆𝑅𝐶! 𝑋!!
!!
!!!!

𝑃!! ∗ 𝑊!! 𝑆!! , 𝛿! − 𝑂𝑀𝐶! 𝑆!" − 𝑆𝑅𝐶! 𝑋!!

𝑒 !!" 𝑑𝑡

𝑒 !!" 𝑑𝑡

−𝐶𝐶! 𝑆!" − 𝐶𝐶! 𝑆!" + 𝑆𝑉! 𝑆!" ∗ 𝑒 !!!! + 𝑆𝑉! 𝑆!" ∗ 𝑒 !!!!

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

!!!!
!"

!!!!
!"

!!!!
!"

= − 1 + 𝜃! 𝑀!" + 𝑋!! , when 0 ≤ 𝑡 ≤ 𝑇!

= −[ 1 + 𝜃! 𝑀!" + 𝑋!! ] + 𝑋!! , when 0 ≤ 𝑡 ≤ 𝑇!

= − 1 + 𝜃! (𝑀!" + 𝑀!" ) + 𝑋!! , when 𝑇! ≤ 𝑡 ≤ 𝑇!
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𝑀!! = 1 + 𝜃! 𝑀!" ,

𝑀!! = 1 + 𝜃! 𝑀!" + 𝑋!! , when 0 ≤ 𝑡 ≤ 𝑇!

𝑀!! = 1 + 𝜃! (𝑀!" + 𝑀!" ), when 𝑇! ≤ 𝑡 ≤ 𝑇!

𝑋!! = 𝛼! ∗ 𝑀!!

𝑋!! = 𝛼! ∗ 𝑀!!

0 < 𝛼! < 𝛼 , 0 < 𝛼! < 𝛼, 0 < 𝛼 < 1

where 𝑃!! = unit price of water yield for hydropower for upstream dam
𝑃!! = unit price of water yield for hydropower for downstream
dam
𝑆!" = initial reservoir capacity for upstream dam
𝑆!" = initial reservoir capacity for downstream dam
𝑀!! = incoming sediment for upstream dam
𝑀!! = incoming sediment for downstream dam
𝛼! = fraction of the annual sediment removed by HSRS for
upstream dam
𝛼! = fraction of the amount sediment removed by HSRS for
downstream dam
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The construction cost of upstream and downstream dams are defined as follows
separately:
𝐶𝐶! 𝑆!" = 𝑐 ∗ 𝑆!"
where 𝐶𝐶! 𝑆!" = construction cost for upstream dam

𝐶𝐶! 𝑆!" = 𝑐 ∗ 𝑆!"
where 𝐶𝐶! 𝑆!" = construction cost for downstream dam

And the operation and maintenance costs for both dams are:
𝑂𝑀𝐶! = 𝑜𝑚𝑐 ∗ 𝑐 ∗ 𝑆!"
where 𝑂𝑀𝐶! = annual operation and maintenance cost for
upstream dam

𝑂𝑀𝐶! = 𝑜𝑚𝑐 ∗ 𝑐 ∗ 𝑆!"
where 𝑂𝑀𝐶! = annual operation and maintenance cost for
downstream dam

Then, the annual sediment removal costs for both dams are:

𝑆𝑅𝐶! 𝑋!! = 𝑘 ∗ 𝑋!!
where 𝑆𝑅𝐶! 𝑋!! = annual sediment removal cost for
upstream dam
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𝑋!! = amount of sediment removed at year t
for upstream dam

𝑆𝑅𝐶! 𝑋!! = 𝑘 ∗ 𝑋!!
where 𝑆𝑅𝐶! 𝑋!! = annual sediment removal cost for
downstream dam
𝑋!! = amount of sediment removed at year t
for downstream dam

Finally, the salvage value for each dam is represented as:

𝑆𝑉! 𝑆!" = µ ∗ c ∗ 𝑆!"
where 𝑆𝑉! 𝑆!" = salvage value for downstream dam

𝑆𝑉! 𝑆!" = µ ∗ c ∗ 𝑆!"
where 𝑆𝑉! 𝑆!" = salvage value for downstream dam

The sediment removal strategy HSRS is applied to both dams, and the sediment removed
from the upstream is released to the downstream reservoir. The incoming sediment 𝑀!!
from the main upstream dam is moved into the reservoir of the downstream dam first
with the sediment removal volume 𝑋!! during period 0 to 𝑇! , alongside any sediment
coming from other sources. Simultaneously, 𝑋!! sediment is removed during period 0 to
𝑇! . During period 𝑇! to 𝑇! , the incoming sediment from the first dam will fill into the
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second dam together with the second dam’s incoming sediment, to add to 𝑀!! , until the
storage capacity of the second dam is full.

2) The downstream dam is silted first
In this model, the downstream dam is decommissioned first due to the original incoming
sediment and the removed sediment from the upstream dam; two time periods are still
from year 0 to 𝑇! and 𝑇! to 𝑇! . In the second period from 𝑇! to 𝑇! , the downstream dam is
decommissioned; only the upstream dam is operating during this time period. The social
planner still seeks to maximize the total net present value (NPV) for each period.

Max

!!" ,!!" ,
!! ,!! ,!! ,!!

=

!!
!!!

+

𝑁𝑃𝑉

𝑃!! ∗ 𝑊!! 𝑆!! , 𝛿! + 𝑃!! ∗ 𝑊!! 𝑆!! , 𝛿!
−𝑂𝑀𝐶! 𝑆!" − 𝑂𝑀𝐶! 𝑆!" − 𝑆𝑅𝐶! 𝑋!! − 𝑆𝑅𝐶! 𝑋!!
!!
!!!!

𝑃!! ∗ 𝑊!! 𝑆!! , 𝛿! − 𝑂𝑀𝐶! 𝑆!" − 𝑆𝑅𝐶! 𝑋!!

𝑒 !!" 𝑑𝑡

𝑒 !!" 𝑑𝑡

−𝐶𝐶 𝑆!" − 𝐶𝐶 𝑆!" + 𝑆𝑉 𝑆!" ∗ 𝑒 !!!! + 𝑆𝑉 𝑆!" ∗ 𝑒 !!!!

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

!!!!
!"

𝑑𝑠!!
= − 1 + 𝜃! 𝑀!" + 𝑋!!
𝑑𝑡

= −[ 1 + 𝜃! 𝑀!" + 𝑋!! ] + 𝑋!! , when 0 ≤ 𝑡 ≤ 𝑇!

𝑀!! = 1 + 𝜃! 𝑀!" ,
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𝑀!! = 1 + 𝜃! 𝑀!" + 𝑋!! , when 0 ≤ 𝑡 ≤ 𝑇!

𝑋!! = 𝛼! ∗ 𝑀!!

𝑋!! = 𝛼! ∗ 𝑀!!

0 < 𝛼! < 𝛼 , 0 < 𝛼! < 𝛼, 0 < 𝛼 < 1

In this case, the sediment removed from upstream dam 𝑋!! still represents a negative
externality for the downstream dam; the amount of sediment that is removed from
upstream combined with the original incoming sediment from upstream add to 𝑀!! ,
which comes into the reservoir of the downstream dam during period 0 to 𝑇! until it is
fully silted.

5.2.2 Non-coordinated Case
Because cascading dams may be located in a transboundary river area, different countries
might have their own management schemes without collaborating with their neighbors;
therefore, in the non-coordinated case, the total net benefit of each dam is maximized
independently. In other words, the upstream dam does not take into account its impact on
the downstream dam in this case. It should be noted, however, that even though two dams
in a series enjoy no cooperation, the downstream externalities that are associated with the
sediment removed from upstream still exist. The upstream reservoir still releases the
removed sediment into the downstream reservoir. Following the conditions of the non-
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coordinated case, by choosing the initial reservoir capacity 𝑆!" and the sediment removal
amount 𝑋!! , the upstream dam’s optimization problem is stated as follows:

Max 𝑁𝑃𝑉
!!" ,
!! ,!!

!

=
!!!

𝑃!! ∗ 𝑊!! 𝑆!! , 𝛿!
−𝑂𝑀𝐶! 𝑆!" − 𝑆𝑅𝐶! 𝑋!!

𝑒 !!" 𝑑𝑡 − 𝐶𝐶 𝑆!" + 𝑆𝑉 𝑆!"

∗ 𝑒 !!!!

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

𝑑𝑆!!
= − 1 + 𝜃! 𝑀!" + 𝑋!!
𝑑𝑡

𝑀!! = 1 + 𝜃! 𝑀!"

𝑋!! = 𝛼! ∗ 𝑀!!

0 < 𝛼! < 𝛼 , 0 < 𝛼 < 1

Then, taking the sediment removal 𝑋!! from the upstream dam as given, under the
continuous time framework the downstream dam manager chooses the amount of
sediment removed over time 𝑋!! and the initial reservoir capacity 𝑆!" such that it
maximizes:
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Max 𝑁𝑃𝑉
!!" ,
!! ,!!

!

=
!!!

𝑃!! ∗ 𝑊!! 𝑆!! , 𝛿!
−𝑂𝑀𝐶! 𝑆!" − 𝑆𝑅𝐶! 𝑋!!

𝑒 !!" 𝑑𝑡 − 𝐶𝐶 𝑆!" + 𝑆𝑉 𝑆!"

∗ 𝑒 !!!!

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

!!!!
!"

= −[ 1 + 𝜃! 𝑀!" + 𝑋!! ] + 𝑋!!

𝑀!! = 1 + 𝜃! 𝑀!" + 𝑋!!

𝑋!! = 𝛼! ∗ 𝑀!!

0 < 𝛼! < 𝛼 , 0 < 𝛼 < 1

Finally, the sum of the maximized net present values for both dams in the noncoordinated case is calculated to compare with the coordinated case:

𝑇𝑁𝑃𝑉 =

𝑀𝑎𝑥 𝑁𝑃𝑉! + 𝑀𝑎𝑥 𝑁𝑃𝑉!

where: 𝑇𝑁𝑃𝑉 = total net present value of two dams
𝑀𝑎𝑥 𝑁𝑃𝑉! = the maximized net present value of the upstream dam
𝑀𝑎𝑥 𝑁𝑃𝑉! = the maximized net present value of the downstream dam
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5.3 Case Study
As chapter 3 described, the Mekong River is the largest river basin in Southeast Asia, and
it is shared by six countries: China, Myanmar, Laos, Thailand, Cambodia, and Vietnam
(Lauri et al. 2012). Several negotiated arrangements with water resources upstream and
downstream exist (Schaaf 1963). The river basin is endowed with diverse and abundant
natural resources especially water. Therefore, rapid development of various hydropower
plans has been carried out (Sewell 1966). From the principal headstream, the Za Qu River,
to the boundary between Laos and Vietnam, the elevations drops from 4,877 m to 610 m.
In the upper Mekong Basin, the river flows through steep gorges and mountains, to the
northern highlands that lie in the lower Mekong Basin. The highly folded ranges that
reach elevations of about 2,743 m create several steep slopes. The large elevation drop of
the Mekong River then offers significant potential for linked hydropower generation.

Numerous dam cascades have been developed in this area. In the upper Mekong Basin, a
seven dam cascade in Yunnan province in China is the first phase of hydropower
development. Six of the dams are completed and have a total generation of 15, 295 MW.
The second cascade, which consists of eight additional hydropower dams, is located
upstream in the Tibetan Plateau. Cumulatively, more than 30% of the mean annual flow
of the Mekong River from the upper Mekong Basin will be regulated by the two cascades
when fully realized, which will significantly increase dry season flows and reduce wet
season flows. The first five cascade dams located in the lower Mekong Basin are
proposed above Vientiane, which will create a linked reservoir of nearly 800 km (ICEM
2010). All of these dams will be located in Laos named Pak Beng, Luang Prabang,
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Xayaburi, Pak Lay, and Sanakham (Beilfuss and Triet 2014). The Luang Prabang and
Xayaburi dams were chosen as case studies for this chapter.

5.3.1 Luang Prabang Dam and Xayaburi Dam
To meet the high electricity demand in the lower Mekong Basin, 12 dams are proposed
on the main channel of the Mekong River; five of them are located in Laos, which
include Luang Prabang and Xayaburi dams. Luang Prabang dam is the second dam in the
five dam cascade of the lower Mekong Basin, and it would be located above Luang
Prabang town, 3 km above the confluence with the Nam Ou. The proposed dam will be
1,106 m long and 68 m high with a rated head of 40 m. The reservoir surface area will be
90 km2 for this dam, and the installed capacity will be 1,410 MW. This dam is being
developed by Petro Vietnam Power Corporation, and most of the hydroelectric power
will be delivered to Vietnam (Meynell et al. 2010).
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Figure 5. 1 Location of the Luang Prabang Hydropower Project in Laos

Source: Meynell, P. et. AL., 2010

The dam downstream of Luang Prabang is Xayaburi in the series; it is located about 150
km downstream of Luang Prabang town. The Xayaburi dam will be 820 m long and 32.6
m high with a rated hydraulic head of 18 m; the total installed capacity would be 1,260
MW. The developer of Xayaburi dam is SEAN & Ch. Karnchang Public Co Ltd in
Thailand. The government of Laos wants hydropower to be its main source of revenue by
2025 by selling its capacity to neighboring countries. For example, the power from Luang
Prabang dam will be sold to Vietnam, and 95% of the power from Xayaburi dam will be
purchased by the Thai government.
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Figure 5. 2 Looking Upstream from the Proposed Xayaburi Dam Site in Laos

Source: Meynell, P. et. AL., 2010

Even though both of the dams are hydroelectric dams and located in the same country,
the developers come from different countries, and the power that is generated by both
dams will be supplied to different countries. Additional negotiations still might be needed
at this point. As proposed, the length, height, and the hydraulic head of Luang Prabang
dam will be larger than Xayaburi dam, which will allow for a relatively larger reservoir
in the former. The original pattern of annual water inflows, seasonal water inflows, and
sediment inflows for downstream dams can altered due to the larger size of the upstream
reservoir in either a positive way or a negative way. Therefore, the coordinated or non-
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coordinated strategies that could be applied to both dams should be considered to
maximize the total net benefit.

Figure 5. 3 Relative Locations of Luang Prabang Dam and Xayaburi Dam in Mekong
River Basin

Source: www.internationalrivers.org

Both dams are located near the boundary of the lower Mekong and upper Mekong Basin,
where high heat, humidity, and the monsoon system control the tropical climate. In
general, the mean annual temperature in Laos is increasing, and evaporation is projected
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to increase over the next 50 years in this area. Therefore, water availability is predicted
to increase only modestly in the upper reaches of the lower Mekong basin where Luang
Prabang dam and Xayaburi dam are located (Beilfuss and Triet 2014). According to
Shrestha et al. (2013), the annual sediment yield is predicted to change from a 27%
decrease to a 160% increase among certain sub-basins (Thorne, 2011). However, climate
change projections show that the changes in sediment yield from each location is more
sensitive to changes of precipitation than to water inflow.

5.3.2 Data
Four categories of the data as Chapter 3 presented are used in this study: economic data,
hydrologic and sedimentation characteristics data, climate change data, and dam
engineering data. And they were obtained from several sources. Electricite Du Lao and
the Ministry of Energy and Mines in Laos calculated the unit value of hydropower for
dams located in Laos, therefore, we used the same unit price ($0.07) for hydropower for
Luang Prabang dam and Xayaburi dam; the unit value of $0.07 was also reported by CK
Power PLC Company. The unit cost of dam construction for Luang Prabang dam was not
available and, therefore, simulated data were used for illustrative purposes. Meanwhile,
the unit cost of dam construction for Xayaburi dam was estimated based on the total
construction cost and proposed total capacity as reported by CH. Karnchang Public
Company. Most of the hydrology data, such as standard normal variation of p%, were
obtained from Cetinkaya (2006) and Annandale et al. (2011) as Chapter 3 described, but
the key parameters of mean annual water inflow and mean annual incoming sediment
were collected from different sources. For Luang Prabang dam, the mean annual water
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inflow was taken from the Mekong River Commission (2009). Mean annual water inflow
for Xayaburi dam was taken from the Mekong River Commission (2010) as reported at
the MRC regional workshop. The annual incoming sediment for both dams was gathered
from the sediment expert group that reported to MRC. Data on dam engineering were
provided by Meynell and Haas (2010).

In this application, climate change data were collected from Lauri et al. (2012). The A1b
and B1 scenarios were used based on 8 GCM (General Circulation Model). Temperature
in the Northern highlands sub-basin is predicted to increase 1℃ by 2050, and the
precipitation is predicted to increase 15% by 2050. Therefore, the mean annual water
inflow is estimated to increase 1.67% annually in this area for both dams. However, the
impact of climate change on sediment loads will be sensitive to locations compared with
water inflow, even with two dams that are located adjacent to each other, the changes in
incoming sediment might vary. According to Piman and Shrestha (2017), the incoming
sediment for Luang Prabang dam is decreasing 11% annually (Fig. 5.4). Moreover, part
of the sediment from the upstream region of Luang Prabang will settle in the Xayaburi
reservoir, which will reduce the transport of the sediment further downstream (Bravard et
al. 2014). Given the climate change scenarios as well, incoming sediment for Xayaburi
dam will be simulated to decrease relatively small by only 1.3%. We assume the
decreasing trend of the incoming sediment keeps until year 30 and then a constantly
amount of incoming sediment will contribute to both of the reservoirs. Table 5.1 and 5.2
respectively summarizes the selected economic, hydrologic, and climate change
parameters of Luang Prabang dam and Xayaburi dam.
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Figure 5. 4 Annual Sediment Loads at Five Mainstream Monitoring Stations from the
Mekong River Basin

Source: Bravard et al. 2014
Table 5. 1 Selected economic, hydrologic, and climate change parameters for Luang
Prabang Dam, Laos
Description

Notation Value

Unit

Price of hydropower

𝑃!!

0.07

$

Unit cost of dam construction

𝑐

0.1

$

Mean annual water inflow

𝑉!"

123,699.96

Million 𝑚!

Maintenance and operation coefficient

𝑜𝑚𝑐

0.1

-

Annual incoming sediment

𝑀

4.4

Million mt
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𝑟

Discount factor

Climate change adjustment factor for water inflow 𝛿!
Climate change adjustment factor for incoming

𝜃!

5

%

1.67

%

-11

%

sediment
Table 5. 2 Selected economic, hydrologic, and climate change parameters for Xayaburi
Dam, Laos
Description

Notation Value

Unit

Price of hydropower

𝑃!!

0.07

$

Unit cost of dam construction

𝑐

0.3

$

Mean annual water inflow

𝑉!"

125,513.28

Million 𝑚!

Maintenance and operation coefficient

𝑜𝑚𝑐

0.1

-

Annual incoming sediment

𝑀

2.1

Million mt

Discount factor

𝑟

5

%

Climate change adjustment factor for water inflow 𝛿!

1.67

%

𝜃!

-1.3

%

Climate change adjustment factor for incoming
sediment

5.3.3 Empirical Results
Assuming we have an optimal design for cascading dams and a management strategy that
is dependent primarily on the maximum net present value, the coordinated case and the
non-coordinated case were compared under three climate scenarios (Table 5.3, Table 5.4).
In each case, the baseline scenario was defined as no changes for the mean annual water
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inflow and the mean annual incoming sediment, followed by two climate change
scenarios: 1) Increasing trend of mean annual water inflow along with constant mean
annual incoming sediment. 2) Increasing trend of mean annual water inflow along with
decreasing trend of mean annual incoming sediment. Based on the data specified in
section 5.4.2, mean annual water inflow will increase 1.67% for both dams, and the
annual mean incoming sediment will decrease for both dams but by different percentages
until in year 30. 𝛼 is still assumed to be 50% as well.

Table 5. 3 Simulation results for Luang Prabang Dam and Xayaburi Dam, Laos
(Coordinated Case)
Dam

Designed

(a)Luang
Prabang
(b)Xayaburi

Reservoir
Capacity
(Million
m3)
-

Fraction of
Sediment
Removed
Amount
-

Net Present
Value
(Million $)

LifeSpan
(y)

-

-

1300

-

-

-

356073.59

307

Vin & Mt
Constant
(Baseline)

(a)Luang
Prabang
(b)Xayaburi

1359.56

0

1407.46

0.5

Vin Increasing
Mt Constant

(a)Luang
Prabang
(b)Xayaburi

1870.49

0

1931.91

0.5

(a)Luang
Prabang
(b)Xayaburi

1815.79

0

1925.51

0.5

Vin Increasing
Mt Decreasing
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638
471991.39

422
876

472010.32

806
1179

Table 5. 4 Simulation results for Luang Prabang Dam and Xayaburi Dam, Laos (NonCoordinated Case)

Dam

Designed

(a)Luang
Prabang
(b)Xayaburi

Reservoi
r
Capacity
(Million
m3)
-

Fraction
of
Sediment
Removed
Amount
-

Net
Present
Value
(Million $)

Total Net
Present
Value
(Million $)

LifeSpan (y)

-

-

-

356068.01

590

1300

Vin & Mt
Constant
(Baseline)

(a)Luang
Prabang
(b)Xayaburi

1306.23

0.5

176770.74

1430.73

0.5

179297.27

Vin
Increasing
Mt Constant

(a)Luang
Prabang
(b)Xayaburi

1795.92

0.5

234321.98

1965.76

0.5

237668.42

Vin
Increasing
Mt
Decreasing

(a)Luang
Prabang
(b)Xayaburi

1768.21

0.5

234332.92

1948.66

0.5

237675.18

637
471990.40

876
472008.10

For the coordinated case, under each of the climate scenarios, the upstream dam Luang
Prabang will have a smaller reservoir compared with Xayaburi dam. No sediment
removed from the upstream dam will be discharged to the downstream reservoir. All
sediment released from upstream will be deposited into the Luang Prabang dam until it is
fully silted.
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1581
1308

Figure 5. 5 Optimal Time Path of Sediment Removal Amount for Luang Prabang and
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Sediment Removal Amount

Xayaburi Dam (Coordinated Case)

Year
X1t(Vin & Mt Constant)

X2t(Vin & Mt Constant)

X1t(Vin Increasing Mt Constant)
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Figure 5. 6 Optimal Time Path of Sediment Removal Amount for Luang Prabang and
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Sediment Removal Amount

Xayaburi Dam (Non-Coordinated Case)

Year
X1t(Vin & Mt Constant)

X2t(Vin & Mt Constant)

X1t(Vin Increasing Mt Constant)

X2t(Vin Increasing Mt Constant)

X1t(Vin Increasing Mt Decreasing)

X2t(Vin Increasing Mt Decreasing)
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However, the optimal amount of sediment removed from Xayaburi dam is completely the
opposite. Total amount of the incoming sediment that HSRS can remove (1.0585 million
m3) will be released from the reservoir of Xayaburi dam from year 1 to year 638. From
year 308 until year 638, only the downstream dam at Xayaburi will be operated, leave
5.4805 million m3 of sediment each year that will be deposited in Xayaburi reservoir
during the second period.

With increasing mean annual water inflow and constant mean annual incoming sediment,
the reservoir capacity for Luang Prabang dam will increase compared with the baseline
climate scenario, there is also significant change for reservoir capacity of Xayaburi dam.
Both dams are suggested to enlarge because of the increasing water resources each year.
Due to the increasing in incoming water, total net benefit will increase substantially.
When incoming sediment has a decreasing trend, Both dams are suggested as a relatively
smaller size compared with the reservoir capacity under climate scenario when mean
annual water inflow is increasing but incoming sediment keeps constant, however,
reservoir capacity of Xayaburi dam drops 6.4 million m3 and Luang Prabang dam drops
54.7 million m3. This is because the annual incoming sediment will drop 11% each year
in the upstream reservoir, but only 1.3% in the downstream reservoir annually from year
1 to 20. After 20 years, the amount of incoming sediment keeps constant, until the Luang
Prabang dam is silted in 806 year and the Xayaburi dam is silted in year 1179.

In the non-coordinated case, the optimal reservoir capacity for upstream dam Luang
Prabang will remain smaller than the downstream dam Xayaburi. Both dams are
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predicted to remove the maximum amount of the sediment that HSRS allowed to remove
under each climate scenario, because of the relatively low charge of the sediment removal
cost and the small amount of the incoming sediment. 50% of the upstream dam’s
sediment that is removed to the downstream reservoir in this case can be discharged
partially through the separate management of the downstream dam.

In general, the downstream dam generates a higher net present value than the upstream
dam. The summed net present value of the two dams is such that the highest total net
benefit comes from the climate scenario that mean annual water inflow increasing and
annual incoming sediment decreasing. The lowest total net benefit occurs when there is
no climate change.

Based solely on total net present value, the best management strategy for both dams
under each climate scenario is if the two dams are under the control of one system or the
planners for each dam choose to cooperate. Under the baseline climate scenario, the
coordinated strategy raises the total net present value slightly from $356068.01 million to
$356073.59 million; the change is obviously subtle, with only a 0.005% increase in value.
When the increasing water inflow is taken into consideration with constant incoming
sediment, the social net benefit increases from $471990.40 million to $471991.39 million
under coordination. Under climate change with increasing water inflow and decreasing
incoming sediment, the difference in total net benefit between the coordinated case and
the non-coordinated case is not huge; the value merely rises $2.22 million.
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When planners choose to coordinate, the upstream dam sacrifices more than the
downstream dam, given the reservoir capacity and the amount of sediment removed in
each case. The Luang Prabang dam helps by preventing the incoming sediment from
moving to the Xayaburi dam, and the reservoir capacity for the Luang Prabang dam
under the coordinated case will be larger than the reservoir capacity under the noncoordinated case. When the two dams are managed separately, the upstream Luang
Prabang dam presents a negative externality to the Xayaburi dam. That is, the sediment
removed from the upstream reservoir would contribute to sedimentation of the
downstream reservoir and, therefore, more sediment would need to be removed from the
Xayaburi dam. Longer time of the life-span will be carried out for both dams from noncoordinated case.

These results depend on several economic and hydrology parameters. To examine the
impacts of these parameters on the desirable management strategy for cascading dams, a
sensitivity analysis is conducted on the unit value of hydropower for both dams.

5.3.4 Sensitivity Analysis
This section provides results from a sensitivity analysis with respect to a key parameter,
unit value of hydropower, for the Luang Prabang dam and the Xayaburi dam. The
optimal reservoir capacity, total net present value and the life-span are compared for both
the coordinated case and the non-coordinated case.
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Unit Value of Hydropower
To examine the impact of unit value of hydropower on the optimal management policy,
the parameters of 𝑃!! and 𝑃!! for the Luang Prabang dam and the Xayaburi dam are
changed from $0.04 to $0.3 compared with the baseline value of $0.07. Selected results
of the optimal reservoir capacity and total net present value for sensitivity analysis on 𝑃!!
are listed in table 5.5 and 5.6. In general, the total net present value is higher when the
coordinated strategy is implemented, regardless of whether the unit value is increased to
$0.1 or decreased to $0.04, and the conclusion is robust with respect to the three climate
scenarios as well.
Table 5. 5 Sensitivity Analysis: 𝑃!! =0.04

Climate
change
scenarios
Vin & Mt
Constant

Vin
increasing
Mt
constant
Vin
increasing
Mt
decreasing

Coordinated
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam

St

1067.10
1407.45
1417.42
1947.07
1395.66
1925.51

TNPV

Non-Coordinated
Dam
St

280160.38 (a)Luang
Prabang
Dam
(b)Xayaburi
Dam
371358.54 (a)Luang
Prabang
Dam
(b)Xayaburi
Dam
371379.19 (a)Luang
Prabang
Dam
(b)Xayaburi
Dam
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TNPV
280157.36

998.81
1430.72
371356.48
1375.62
1965.76
371377.20
1346.90
1948.66

Table 5. 6 Sensitivity Analysis: 𝑃!! =0.1

Climate
change
scenarios
Vin & Mt
Constant

Vin
increasing
Mt
constant
Vin
increasing
Mt
decreasing

Coordinated
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam

St

TNPV
432022.19

1603.01
1407.45
572674.32
2212.38
1928.62
572692.77
2152.32
1925.51
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Non-Coordinated
Dam
St
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam

TNPV
432016.23

1552.45
1430.72
572672.84
2132.52
1965.76
572690.44
2105.31
1948.66

Figure 5. 7 Sensitivity Analysis on Unit Value of Hydropower for the Luang Prabang
Dam, Laos
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Specifically, the reservoir capacity for the Luang Prabang dam is increased when unit
value of hydropower for Luang Prabang dam is increased, while keeping the reservoir
capacity of the Xayaburi dam constant. The total net present value increases as the unit
value of hydropower for the Luang Prabang dam increases. However, the percentage
change for total net present value between the coordinated case and the non-coordinated
case under the three climate scenarios remained the same. And the differences between
the two cases were rarely significant.
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Table 5.7 and 5.8 summarizes the Life-span for different value of 𝑃!! under each climate
scenarios. In coordinated case, downstream dam (Xayaburi dam) always keeps longer
time of life-span than upstream dam (Luang Prabang dam). Because of the changes on
𝑃!! , life-span of Luang Prabang dam is also impacted as well as the life-span of Xayaburi
dam. When climate condition keeps constant, the life-span of both dams for varied 𝑃!!
are the shortest among the three climate scenarios, longest time for both dams occurs
when water inflow begin to increase and the amount of incoming sediment keeps a
decreasing trend until year 20. If both dams choose not to corporate, negative
externalities for downstream dam will emerge as the removed amount of sediment from
upstream dam are deposited to downstream dam. In other words, downstream dam is
silted first when unit value of hydropower of upstream dam reach to $0.1 under baseline
climate scenario and the climate scenario that water inflow increases but no changes for
sediment. Last climate scenario of increasing water inflow and decreasing incoming
sediment shows a different pattern of the life-span for both dams. The life-span of
upstream dam (Luang Prabang dam) is always longer than the life-span of downstream
dam, because of the relatively large reservoir capacity that the model suggested for both
dams and the smaller amount of the incoming sediment under the climate situation.

Table 5. 7 Sensitivity Analysis on Life-span of the Unit Value of Hydropower for Luang
Prabang Dam (Coordinated Case)
Constant

Vin Increasing Vin Increasing

(Baseline)

Mt Constant
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Mt Decreasing

𝑃!!

Dam

Life-span

Life-span

Life-span

0.04

Luang Prabang

241

320

617

Xayaburi

594

812

1046

Luang Prabang

307

424

806

Xayaburi

638

694

1179

Luang Prabang

362

500

958

Xayaburi

675

928

1287

Luang Prabang

438

604

1166

Xayaburi

728

999

1433

Luang Prabang

611

840

1637

Xayaburi

794

1158

1766

0.07

0.1

0.15

0.3

Table 5. 8 Sensitivity Analysis on Life-span of the Unit Value of Hydropower for Luang
Prabang Dam (Non-Coordinated Case)
Constant

Vin Increasing Vin Increasing

(Baseline)

Mt Constant

Mt Decreasing

𝑃!!

Dam

Life-span

Life-span

Life-span

0.04

Luang Prabang

451

622

1201

Xayaburi

590

811

1279

Luang Prabang

590

812

1581

Xayaburi

637

876

1011

Luang Prabang

702

905

1884

0.07

0.1
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0.15

0.3

Xayaburi

661

908

1308

Luang Prabang

848

1174

2302

Xayaburi

661

908

1308

Luang Prabang

1201

1647

3244

Xayaburi

661

908

1308

When the unit value of hydropower for the Xayaburi dam is varied from $0.04 to $0.1,
reservoir capacity of Xayaburi dam is increased. While the unit value of hydropower for
the Luang Prabang dam consistently remains at $0.07, however, the reservoir capacity for
this dam is not affected by the variation in unit value of hydropower for the Xayaburi
dam. Thus, the alteration in unit value for one dam is able to impact the reservoir capacity
for that dam only, regardless of the cooperation or non-cooperation in management
strategies. The total net present value also depends on the dam to which changes in value
occurred. The difference in total net present value between the coordinated and noncoordinated cases when 𝑃!! changed was the same percentage change as when 𝑃!!
changed and rarely differences appears.
Table 5. 9 Sensitivity Analysis: 𝑃!! =0.04

Climate
change
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Constant

Vin
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Dam

St

(a)Luang
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(b)Xayaburi
Dam
(a)Luang
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1359.57
Dam
(b)Xayaburi
1068.38
Dam
1874.07 369907.33 (a)Luang

TNPV
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Non-Coordinated
Dam
St

TNPV
279058.23

1306.23
1092.31
1795.92

369906.15

increasing
Mt
constant
Vin
increasing
Mt
decreasing

Prabang
Dam
(b)Xayaburi
Dam
(a)Luang
Prabang
Dam
(b)Xayaburi
Dam

Prabang
Dam
(b)Xayaburi
1466.89
Dam
369926.25 (a)Luang
Prabang
1815.79
Dam
(b)Xayaburi
1461.89
Dam

1503.08
369923.97
1768.21
1485.37

Table 5. 10 Sensitivity Analysis: 𝑃!! =0.1
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scenarios
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Vin
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Mt
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Dam
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Dam
(a)Luang
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(b)Xayaburi
Dam
(a)Luang
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(b)Xayaburi
Dam

St

TNPV
433121.21

1359.57
1678.71
574132.07
1868.59
2303.54
574150.99
1815.79
2296.41
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Figure 5. 8 Sensitivity Analysis on Unit Value of Hydropower for the Xayaburi Dam,
Laos
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When 𝑃!! varied from $0.04 to $0.3, in coordination situation, downstream dam
Xayaburi has consistently longer life-span than upstream dam Luang Prabang. However,
along with the increasing of 𝑃!! , reservoir capacity of Xayaburi dam becomes larger,
therefore, extended life-span of Xayaburi dam solely takes place. The decommissioned
time of Luang Prabang dam keeps the same for each values of 𝑃!! . No impact of lifespan happens for upstream dam when unit value of hydropower for downstream dam
varied. This results also occur in non-coordinated case, life-span of Luang Prabang dam
maintains the same when 𝑃!! changes. Nonetheless, longer time of life-span suggested
under baseline climate situation and the situation that water inflow increases but no
changes for incoming sediment when 𝑃!! increases to 0.07. The life-span of Xayaburi
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dam is always shorter than Luang Prabang dam under the climate condition that water
inflow increases and incoming sediment decreases until year 20. Non-coordinated case
yields a relatively independent consequence for upstream and downstream dam especially
when the parameter of downstream dam changes.

Table 5. 11 Sensitivity Analysis on Life-span of the Unit Value of Hydropower for
Xayaburi Dam (Coordinated Case)
Constant

Vin Increasing Vin Increasing

(Baseline)

Mt Constant

Mt Decreasing

𝑃!!

Dam

Life-span

Life-span

Life-span

0.04

Luang Prabang

307

423

806

Xayaburi

535

735

1032

Luang Prabang

307

424

424

Xayaburi

638

694

694

Luang Prabang

307

422

806

Xayaburi

721

990

1297

Luang Prabang

307

422

806

Xayaburi

835

1007

1459

Luang Prabang

307

421

806

Xayaburi

1093

1498

1825

0.07

0.1

0.15

0.3
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Table 5. 12 Sensitivity Analysis on Life-span of the Unit Value of Hydropower for
Xayaburi Dam (Non-Coordinated Case)
Constant

Vin Increasing Vin Increasing

(Baseline)

Mt Constant

Mt Decreasing

𝑃!!

Dam

Life-span

Life-span

Life-span

0.04

Luang Prabang

590

812

1581

Xayaburi

504

694

996

Luang Prabang

590

812

1581

Xayaburi

637

876

1308

Luang Prabang

590

812

1581

Xayaburi

687

989

1558

Luang Prabang

590

812

1581

Xayaburi

772

1145

1814

Luang Prabang

590

812

1581

Xayaburi

965

1497

2379

0.07

0.1

0.15

0.3

5.4 Conclusion
Regardless of whether cascading dams are located in different countries across their
international border or cascading dams are planned by different organizations in one
country, planners need to compare both coordinated and non-coordinated cases to
implement the optimal strategy to maximize the net social benefit for this series of dams.
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Under climate change, reservoir capacity and the amount of sediment removal from each
dam also needs to be adjusted to achieve the optimal solution.

This chapter introduces two economic models that integrated the net benefit of a series of
dams under climate change conditions. The first model considered maximizing the sum
of the net present value for a system of cascading dams, and the second model in the noncoordinated management solution performed the economic optimization for each dam
individually. To illustrate the need from a planner’s management perspective, two
proposed dams in a series were used as an example. Both dams are to be located in the
first cascading series in the Lower Mekong Basin in Laos, which has been proposed to
generate hydropower. The results of this case study with coordinated and noncoordinated strategies under different climate scenarios are summarized below:

1) The coordinated strategy with two dams was always beneficial for the entire system
based solely on the net social benefit under all climate scenarios. However, the difference
in the net social benefit between the coordinated and non-coordinated cases was fairly
small among the three climate scenarios. Thus, the desirability of implementing the
coordinated strategy for the Luang Prabang and Xayaburi dams might be considered
more carefully even under climate change situation. Other considerations might also be
included, such as the externalities to upstream or downstream watersheds, the locations of
the dams, and the benefit and cost along the watershed.
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2) The optimal reservoir capacity of the upstream dam would be smaller than the optimal
choice of the reservoir capacity of downstream dam under each climate scenario for both
cases. To put it in a nutshell, constantly increased water inflows would require a larger
reservoir capacity and a smaller reservoir would be needed with a decrease in incoming
sediment. This conclusion was consistent with the findings for the impacts under climate
change in previous chapters.

3) Although the net social benefit for the coordinated case is higher when applied to each
of the climate scenarios, the amount of sediment that needs to be removed for each case
is different. The upstream dam plays a protective role in accumulating all the incoming
sediment under the coordinated case, with a no removal strategy; therefore, no negative
externality to the downstream dam occurs in this situation. On the other hand, there is no
such sacrifice by the upstream dam in a cascade when the non-coordinated strategy is
employed; negative externality impacts to the downstream dam occur in full force as total
sediment is discharged from the upstream reservoir to downstream using HSRS.

4) In terms of sensitivity analysis, the net total present value responds in the expected
manner to changes in the unit value of hydropower for each dam under each management
strategy as well as the reservoir capacity of the specific dam. There is not much
difference in the impact of these changes in the comparative net total present values
between the coordinated and non-coordinated cases.
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5) The overall analysis is particularly relevant for situations in which the dams are
located in different countries or belong to different parties; the results of the application
of our model can be helpful in the process of international (or multi-party) bargaining and
negotiation. Based only on the net social benefit gain calculations from our case study, it
would appear that a coordinated strategy for the Luang Prabang and Xayaburi dams may
be of limited value. However, it should be noted that the results and conclusions from this
case study should not be taken to generalize to other applications. Specific characteristics
will determine the relative gains in cooperation for any particular cascade of dams, which
would have to be weighed against the political and administrative costs of such
cooperation.
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CHAPTER 6
OPTIMAL DESIGN OF DAM UNDER THE CONCERNS OF DAM
FAILURE

6.1 Introduction
In February 2017, Oroville Dam, the tallest dam in the U.S. and one of the largest dams
worldwide, had a dam failure induced by main and emergency spillways damage. This
incident brought issues of dam failure back into consideration for many dam designers
and policy makers. A dam failure is a sudden, rapid and uncontrolled release of reservoir
water that causes instant, massive damage downstream to property, structures, crops, and
human and other forms of life. In U.S., according to state dam safety programs, 173 dam
failures were reported nationwide from January 2005 through June 2013. The overall
failure rate of dams worldwide is approximately 1% (ICOLD 2019). Some well-known
examples include the failure of Sayano-Shushenskaya Dam in Russia, and the Shakidor
Dam failure in Pakistan. Other countries like Spain, France, and Argentina, have also
experienced dam failure, though the rate of dam failure has been reduced over the last
forty years due to increased awareness of the huge risks involved in building and
maintaining dams, and improvements in the techniques used for such tasks.

The possibility of dam failure does, however, often increase with climate change. There
are several main causes of dam failure: overtopping, foundation defects, cracking,
inadequate maintenance and upkeep, and piping. Among these, overtopping is the most
frequently cited cause. According to the Association of State Dam Safety Officials,
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approximately 34% of U.S. dam failures are related to overtopping (Figure 6.1). Changes
in climate are expected to alter peak flood flow during the flood season, which increases
the probability of hydrological failure from overtopping (Mallakpour et al. 2019). The
increased frequency of extreme weather events is also a climate-change factor that can
lead to dam failure. For example heavy rainfall occurred throughout January and
February in 2017 in California before the Oroville dam failure, and extreme flooding
occurred before the Malpasset dam in southern France failed in 1959. In view of these
considerations, therefore, flood-overtopping failure may become an increasingly
important consideration in adequate spillway design.

Figure 6. 1 Causes of Dam Failure Incidents, 2010-2017
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Source: ASDSO, 2018

In this chapter, spillway capacity, dam failure cost, and period of dam construction and
removal are taken into consideration as part of the model used to determine optimal
strategies for dam design. It begins with a methodology section discussing three
categories of peak flood flow trends, which could impact the determination of control
variables. Section 3 describes a climate simulation focused on peak flood flow in the
Sambor dam area. Section 4 discusses the simulation. Summary and concluding remarks
are provided in Section 5.

6.2 Methodology
In the model developed for this chapter, the reservoir capacity of a dam, the capacity of
its designed spillway, the fraction of incoming sediment removed with HSRS, the time
period of the dam’s life-span, and possibly its starting time are control variables to be
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determined optimally. Climate change can lead to changes in mean annual water inflow,
incoming sediment flows, and also the peak flood flow level.

For simplicity, the trend of peak flood flow level is categorized into three groups:
constant peak flood flow level in which peak flood flow remains at the same level each
year, increasing peak flood flow level in which levels generally rise annually, and
decreasing peak flood flow level , which is the opposite of increasing peak flood flow
level. The models associated with each category are stated below:

Category 1. Constant Peak flood flow level
Taking 𝑅 as the total spillway capacity, SC(R) its cost of construction, F as the peak
flood flow level, and the other notation as earlier, the objective function may be stated as:
!

Max 𝑁𝑃𝑉 =

!! ,!,!,!

!!!

𝑆𝐵 𝑆! , 𝛿! − 𝑂𝑀𝐶 𝑆! − 𝑆𝑅𝐶(𝑋! ) 𝑒 !!" 𝑑𝑡 + 𝑆𝑉 𝑆! ∗ 𝑒 !!"

− 𝐶𝐶 𝑆! − 𝑆𝐶 𝑅

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

!"
!"

= − 1 + 𝜃! 𝑀! + 𝑋!

𝑋! = 𝛼 ∗ 𝑀!

𝑀! = 1 + 𝜃! 𝑀!

0<𝛼<𝛼,0<𝛼<1
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R≤F

The specific spillway construction cost function is taken to be:
𝑆𝐶 𝑅 = 𝑚 ∗ 𝑅
where: 𝑚 = spillway capacity coefficient

Salvage value is treated as the dam removal cost at terminal time T.

Since 𝐹 is constant over time, the optimal value of 𝑅 = 𝐹. Now there is no dam failure
cost, since the peak flood flow level is not higher than the critical level, which is the
capacity of total water being released. If the designed spillway capacity has to be less
than the peak flood flow level annually (𝑅 < 𝐹), due to restrictions imposed by location,
budget, or any other factors, then the dam should not be built as it will fail immediately.

Category 2. Increasing Peak Flood Flow Level
In this case, 𝐹! is defined as the peak flood flow level at time 𝑡, and it is increasing
annually. Now the optimal spillway capacity (𝑅) is dependent on model parameters. It is
selected by the optimal control program besides initial reservoir capacity (𝑆! ), sediment
removal fraction (𝛼) and terminal time T. Assuming that the cost of dam failure is always
greater than the cost of dam removal (i.e., salvage value), then the dam will be
decommissioned and removed at time T when 𝑅 = 𝐹! ,. The objective function for such a
dam with an increasing peak flood flow level would be stated as:

137

!

Max 𝑁𝑃𝑉 =

!! ,!,!,!

!!!

𝑆𝐵 𝑆! , 𝛿! − 𝑂𝑀𝐶 𝑆! − 𝑆𝑅𝐶(𝑋! ) 𝑒 !!" 𝑑𝑡 + 𝑆𝑉(𝑆! ) ∗ 𝑒 !!"

− 𝐶𝐶 𝑆! − 𝑆𝐶(𝑅)
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

𝑑𝑠
= − 1 + 𝜃! 𝑀! + 𝑋!
𝑑𝑡

𝑋! = 𝛼 ∗ 𝑀!

𝑀! = 1 + 𝜃! 𝑀!

0<𝛼<𝛼,0<𝛼<1

Category 3. Decreasing Peak Flood Flow Level
In this category, 𝐹! still represents the peak flood flow level at time 𝑡, but now it is
decreasing as 𝑡 increases. One would therefore want optimal spillway capacity to equal
initial value of F, but since 𝐹! is falling over time, the determination of the start date
becomes important.

Assuming that a dam is decommissioned after it is silted, the lifetime of the dam is
determined by its optimal capacity and net rate of sedimentation. Normally, delaying the
start date of the dam would have a cost due to the positive discount factor (reflecting
positive interest rates) Delaying the start of the dam in this case, however, could be of
value, due to benefit from the reduced cost of a constructing a spillway with smaller
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capacity. This trade-off needs to be evaluated, resulting in the optimal value of 𝑡! along
with other control variables. Thus, the objective function would be:
Max 𝑁𝑃𝑉

!! ,!,!,!! ,!

=

!!!!
!!!!

𝑆𝐵 𝑆! , 𝛿! − 𝑂𝑀𝐶 𝑆! − 𝑆𝑅𝐶(𝑋! ) 𝑒 !!

!!!!

𝑑𝑡 + 𝑆𝑉(𝑆! )

∗ 𝑒 !!(!!!! ) − 𝐶𝐶 𝑆! − 𝑆𝐶 𝑅!!
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

𝑑𝑠
= − 1 + 𝜃! 𝑀! + 𝑋!
𝑑𝑡

𝑋! = 𝛼 ∗ 𝑀!

𝑀! = 1 + 𝜃! 𝑀!

0<𝛼<𝛼,0<𝛼<1

6.3 Case Study
The above model is applied to Sambor Dam in the Mekong River Basin. Since Sambor
dam is a single purpose hydroelectric dam, in this case study the benefit of the model is
specified as 𝑃! ∗ 𝑊! 𝑆! , 𝛿! . Table 6.1 summarizes the selected economic and hydrologic
parameters of Sambor dam.
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Table 6. 1 Selected Economic and Hydrologic Parameters for Sambor Dam
Description

Notation Value

Unit

Price of hydropower

𝑃!

0.25

$

Unit cost of dam construction

𝑐

0.1

$

Mean annual water inflow

𝑉!"

435,196.8

Million 𝑚!

Maintenance and operation coefficient

𝑜𝑚𝑐

0.1

-

Annual incoming sediment

𝑀

33.18

Million mt

Discount factor

𝑟

5

%

-0.2

%

𝜃!

0.3

%

𝑚

0.1

-

Climate change adjustment factor for water inflow 𝛿!
Climate change adjustment factor for incoming
sediment
Coefficient of spillway capacity

All the economic and hydrologic data are followed as they were in chapter 3. The climate
change conditions are the same as those described in chapter 3, therefore climate change
factors that impact annual mean water inflow and the amount of annual incoming
sediment vary by the same percentage outlined in chapter 3. Annual average water level
is projected to increase in all the climate scenarios, and the annual peak flood patterns are
also sensitive to climate change conditions. Peak flood flow level also increases in both
the driest water years and the wettest water years.
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Figure 6. 2 Peak Flood Discharge Prediction in the Driest Water Years with Climate
Change: Sambor Dam

Source: Marko Keskinen et al. 2010
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Figure 6. 3 Peak Flood Discharge Prediction in the Wettest Water Years with Climate
Change: Sambor Dam

Source: Marko Keskinen et al. 2010

Figures 6.2 and 6.3 show that the largest peak flows is located in July and August. The
discharge is projected to increase by 5.66% from 2010-2049 in the case of the driest
water years and by 5.8% in the case of the wettest water years. The peak flood flow trend
predicted for the next 250 years is shown in Figure 6.4. An increasing trend of peak flood
flow for Sambor dam is predicted based on Keskinen et al. (2010). The coefficient of
spillway capacity is an arbitrary number that has been assigned as 0.1 for illustrative
purposes. Each case can use its own specific spillway capacity coefficient parameter for
optimal results.

Figure 6. 4 Peak Flood Flow Trend Prediction: Sambor Dam
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6.4 Empirical Results
As earlier, three types of climate scenarios are simulated, and the salient features of the
results are consistent with the ones shown in chapter 3. The baseline climate scenario
case provides a reservoir capacity result that most closely approaches the designed
reservoir capacity for Sambor dam. A decreasing annual mean water inflow and
increasing annual incoming sediment requires the largest reservoir capacity because more
sediment is going to be deposited into the reservoir, thus a larger capacity is required.
The smallest reservoir capacity is suggested when incoming sediment is not impacted by
climate change conditions and annual mean water inflow is decreasing. When sediment
removal strategy HSRS is used in this model, it is suggested that the ful amount of
sediment required by HSRS be removed. Under the assumption that a dam is removed
when it is fully silted, the life-span of Sambor dam under the baseline climate scenario is
228 years. 𝑉!" decreasing and 𝑀! constant, dam will exist for 199 years. When 𝑉!"
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decreases as 𝑀! increases, the shortest life-span is recommended from table 6.2. Since
Sambor Dam has a predicted increasing peak flood flow level, the model in category 2 is
applied, which suggests that the dam should be decommissioned at year T when 𝑅 = 𝐹! .
Therefore, when 𝑉!" decreases and 𝑀! increases, the spillway capacity is the smallest one
(59,500 m3/s) among three climate scenarios, along with the shortest life-span. Obviously,
under the baseline climate scenario, the spillway capacity is suggested to be largest at
63,800 m3/s. If climate change also impacts the total net present value as water inflow
decreases, the net present value declines as well.

Table 6. 2 Simulation Results for three types of climate scenarios for Sambor Dam

Climate Change
Scenarios
Designed

Reservoir
Capacity
(Million
m3)
3794

Spillway
Capacity
(m3/s)

Vin & Mt Constant
(baseline)
Vin Decreasing Mt
Constant
Vin Decreasing Mt
Increasing

Net Present
Value
(Million $)

Life-Span (y)

17,668

Fraction of
Sediment
Removed
Amount
-

-

-

3785.41

63,800

0.5

2212059.38

228

3309.23

60,900

0.5

2125861.06

199

4153.99

59,500

0.5

2125890.09

194

6.5 Conclusion
Dam failures are of great concern. They can be extremely harmful due to the immense
destruction which occurs when a dam failure happens. Climate change increases the
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probability of dam failure in several ways: the peak flood flow level might vary causing a
higher risk of flood-overtopping, and extreme weather events, such as heavy rains, can
also bring unexpected reservoir water level increases. Thus, taking spillway capacity
design into account at the beginning of dam construction, and also considering a specific
dam construction and removal period are both important when facing climate change.

Three types of peak flood flow trends are presented in this chapter in order to analyze the
optimal strategies regarding dam and spillway construction. Following discussion of
conceptual findings, Sambor dam is used as an illustrative case study. The results from
this example indicate that:

1) Climate change factors impact the optimal choices of reservoir capacity as well as
spillway capacity and lifetime of a reservoir. Specifically, increasing peak flood
flow levels leads to a larger optimal spillway capacity for dams that last longer.

2) The volume of water inflow still plays a key role in determining total net present
value, via its influence on the desirable size of reservoir capacity, size of spillway
capacity, and the life-span of a dam. Spillway capacity construction cost only
impacts this model under the climate scenario in which annual mean water inflow
decreases and the incoming sediment keeps constant. A smaller reservoir capacity
is suggested under this climate scenario compared with the simulation results in
Chapter 3. However, it is obvious that the total net present value decreases under
each climate scenario.
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3) Sambor dam is the only application illustrated in this chapter. The peak flood flow
trend is predicted to increase for this specific case. Therefore, the model in
category 2 was applied for the numerical solutions; however, it would be
interesting to apply models in category 1 and 3 to other cases when appropriate.

146

CHAPTER 7
CONCLUDING REMARKS

7.1 Summary and Policy Implications
Despite being environmentally controversial, dams continue to play a crucial role in
modern life as they provide several social benefits, such as regulation of variable water
supply, hydropower generation, and flood control. Over the last few decades, dams have
become particularly important in developing countries. Climate change is, however,
becoming an increasingly urgent challenge for the design and operation of dams.
Proposed dams may fail to achieve desired results if technical and economic analyses rely
mainly on historical hydrological and geographic characteristics while not accounting
adequately for climate change factors. This dissertation develops models of dam
development and management that explicitly feature expected climate change scenarios.
In doing so, we add to the literature and also provide useful tools for policy makers.

The models developed here make several important contributions to the existing
economics and engineering literature on reservoir management and sedimentation. Basic
work in this interdisciplinary field was initiated by Palmieri et al. (2003), Kawashima
(2004), Pattanapanchai (2005), and Lee (2009). One of the major innovations of this
dissertation is to provide a model for determination of the optimal reservoir capacity of a
new dam which allows for sedimentation management. This model is then extended to
situations that involve variations in river water and sediment flows induced by climate
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change.

Additional extensions that constitute significant contributions include

incorporation of multiple purposes of a dam and the management of a cascade of dams
under climate change. Finally, we contribute to the literature by adapting our basic
model of reservoir capacity determination to study dams that are subject to failure due to
overtopping, which can cause major damage to downstream areas. The optimal
construction and removal time of such dams need to incorporate peak flood flow
variation under climate change, while simultaneously determining the optimal time path
of sediment removal. Optimal spillway capacity for a new dam is also determined in this
model.

Since incorporation of climate change is a major focus of our models, it should be noted
that this is done in three ways. First, climate change is taken to impact annual mean water
inflow and also the standard deviation of annual mean water inflow. Second, climate
change is assumed to impact incoming sediment from rivers through variation in
precipitation that potentially results in upstream soil erosion. Finally, when extreme
weather events such as heavy rainfall occur more frequently due to climate change, the
peak flood flow during the wet season of a given location is impacted.

The methodology, models, and application results presented in this dissertation can be
used to provide guidance for different types of policy decisions regarding dams. First, the
model can be used to help decision makers determine the appropriate size of a reservoir
capacity considering climate change factors. When new dams are built, a suitable
reservoir capacity size can reduce the risk of dam failure in areas where more floods are
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expected. On the other hand, designs that suggest appropriate reservoir capacity size can
help prevent wasted resources and provide relief in regions experiencing droughts. The
models we develop for multi-purpose dams can be applied to provide guidance for
determining reservoir capacity best suited to a given dam’s particular purposes.

Second, our models can be used to determine the optimal time path of amount of
sediment removal to extend the operating life of a dam. Applying one of the sediment
removal strategies (HSRS) in these models results in either a recommendation to
periodically remove a specified fraction of incoming sediment or no sediment removal.
The optimal time path would depend on the appropriate data parameters for a case study.

Third, our integrated model of cascading dams can help policy makers reach an informed
decision between coordinated and non-coordinated management of a system of dams.
Optimal reservoir capacity and sediment removal time path for each dam in the cascade
are provided. Integrated modeling can also help planners find a sustainable solution
accounting for potential externalities by linking upstream and downstream together. For
those dams located along the boundaries of different regions or different countries, the
model can be used for international bargaining and negotiation as well.

Fourth, our methodology can point a planner towards solutions regarding the most
desirable time periods for dam construction and removal under changing risk of dam
failure induced by climate change. Timely dam removal would avoid flood-overtopping
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and maximize the planner’s total benefit. The optimal size of the reservoir and the
spillway capacity are chosen simultaneously to achieve this goal.

7.2 Limitations and Suggestions for Future Research
Data Limitations
Acquiring reliable data for specific case studies is a major challenge, which made it
difficult to apply our models to particular dams. Specifically, several key hydrological
characteristics for computing any given water yield function are not generally available,
especially in developing countries. Data related to climate change that impacts water
runoff is mostly accessible because numerous researches have contributed to this data
estimation, but data sources for sediment inflow impacted by climate change factors are
rarely provided and often lack accuracy. The uncertainty in data regarding incoming
sediment makes the sediment runoff impacted by climate change more difficult to
estimate. In general, overall improvement in data quality and availability would make the
model yield results that are more reliable for policy purposes.

Modeling Limitations and Research for the Future
This study can be extended and improved in several ways. First, in the real world, the
amount of incoming sediment is always stochastic and uncertain. The assumption of
deterministic incoming sediment amount should therefore be relaxed. Second, dams in
this dissertation are assumed to be for one year of water storage. In other words, the water
stored from the beginning of the year is utilized at the end of the same year and no more
water is stored in the reservoir for subsequent years. However, many mega dams are
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multi-year storage dams and extending our model to incorporate this feature would make
it applicable to these types of dams as well. Third, our modelling of variability of river
flows is quite basic. For example, analysis is performed using only three types of peak
flood flow trends. Additional flood type categories should also be constructed and
analyzed in future.
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APPENDIX
Calculation of Water Yield Function Adapted by Climate Change
Based on alternate formula for variance:
𝑉𝑎𝑟 𝑋 = 𝐸 𝑋 ! − [𝐸 𝑋 ]!
And properties of expected values and variances:
𝐸 𝑎𝑋 + 𝑏𝑌 = 𝑎𝐸 𝑋 + 𝑏𝐸(𝑌)
𝑉𝑎𝑟 𝑎𝑋 = 𝑎! 𝑉𝑎𝑟(𝑋)
The standard deviation of water inflow, which impacted by climate change
adjustment factor 𝛿! can be calculated by the relationship between 𝑋 and 𝑉𝑎𝑟 𝑋 .
Since 𝑉!" is the average value of annual water inflow from the value of water inflow
for each time unit (𝑋! ), then it can be stated as:
𝑋! + 𝑋! + 𝑋! + ⋯ + 𝑋!
= 𝑉!"
𝑛
If 𝑋! is impacted by climate change factors 𝛿! , the average value of annual water
inflow impacted by 𝛿! should stated as:
1 + 𝛿! 𝑋! + 1 + 𝛿! 𝑋! + 1 + 𝛿! 𝑋! + ⋯ + 1 + 𝛿! 𝑋!
= 1 + 𝛿! 𝑉!"
𝑛
Then from the alternate formula and properties of expected values and variances
stated above,
Therefore,

𝑉𝑎𝑟[ 1 + 𝛿! 𝑉!" ] = 1 + 𝛿! ! 𝑉𝑎𝑟(𝑉!" ) = 1 + 𝛿! ! [𝑠𝑑 𝑉!" ]!

𝑊! (𝑆! , 𝛿! ) =

4 ∙ 𝑆! ∙ (1 + 𝛿! ) ∙ 𝑉!" − 𝑍𝑝𝑟 ! ∙ 1 + 𝛿! ! 𝑠𝑑 ! + 4 ∙ 𝐺𝑑 ∙ 1 + 𝛿! ! 𝑠𝑑 !
!"

4 ∙ (𝑆! + ! ∙ (1 + 𝛿! ) ∙ 𝑠𝑑 ! )
!"

163

